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EXPLANATION OF THESIS FORMAT 
The fo llowing thesis consists of a general introduction, a review of 
the literature , a separ a t e manuscript, a general summary, literature 
cited, and acknowledgments. The master's c andidate , Mary Ann Brooks , is 
the senior author and principal investigator for .the manuscript. 
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GENERAL INTRODUCTION 
Serologic surveys indicate rotaviruses are ubiquitous in cattle 
populations and one of the most commonly detected bovine enteropathogens 
(Mebus et al., 1969: Hammami et al . , 1989; Bellinzoni et al., 1987; Acres 
et al., 1975; Acres and Babiuk, 1978; Woode, 1978; Woode and Bridger , 
1975) . Rotavirus infection usually affect calves under two weeks of age 
and manifests itself as depression, diarrhea and dehydration (Acres and 
Babiuk, 1978; Tzipori , 1981 ; Tzipori et al., 1981; Woode and Crouch, 
1978 ). 
The most frequently detected rotavirus from rotavirus induced 
diarrheic calves are the group A rotaviruses (Allen et al., 1989; Theil 
and Mccloskey, 1989; Hammami et al., 1989) although several reports of 
atypical rotaviruses which do not contain the common group A antigen have 
also been reported (Vonderfecht et al., 1986 ; Chasey and Davis, 1984; 
Brown et al., 1987; Snodgrass et al., 1984a). Group A serotype 6 strain 
NGOV (bovine rotavirus serotype 1) rotavirus is the only established 
serotype in cattle (Mebus et al., 1969; Hoshino et al ., 1984 ). At least 
one and possibly two additional serotypes have been proposed (Woode et 
al ., 1983 ; Snodgrass et al., 1984b; Brussow et al ., 1987; Murakami et 
al . , 1983) sugges ting the existence of additional serotypes. The 
relative prevalence of different serotypes in cattle populations has not 
been determined. The majority of bovine rotavirus field isolates have 
been identified as bovine rotavirus serotype 1 by serologic analysis 
( Snodgrass et al., 1984; Woode et al., 1983); however, antigenic 
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diversity between field isolates and the established bovine serotype 1 
rotavirus NGOV has been shown by differences in in vitro neutralization 
assays and lack of in vitro cross protection (Gaul et al., 1982; Woode et 
al., 1983; Paul et al. ,1988). 
Serotyping of rotaviruses is determined by neutralization 
specificities encoded by the outer capsid protein VP7 (Greenberg et al., 
1983b; Kalica et al., 1981). An additional outer capsid protein VP4 
(formerly VP3 Liu et al., 1988) can also induce neutralization specific 
antibodies (Offit and Blavat 1986). Results from traditional serotyping 
methods can be amb iguous due to antibodies directed against VP4, (Hosh ino 
et al., 1984; Hoshino et al., 1985). Therefore, emphasis needs to be 
placed on better understanding the role VP4 plays in in vitro 
neutralization, virulence and in vivo protection. The existence of two 
VP4 types within a single serotype of bovine rotavirus has been 
demonstrated, (Hosh ino et al . , 1984; Kantharidis et al . , 1988) but the 
prevalence of VP4 types in the cattle population has not been determined. 
We recently isolated a bovine rotavirus (VMRI) which demonstrated a 
unique RNA electrophoretic pattern which was class ified as bovine 
rotavirus serotype 1. Initial studies indicated homologous VMRI 
neutralization titers were at l east 10-fold higher than heterologous NCDV 
titers which indicated some degree of antigenic diversity existed between 
NCDV and VMRI (Paul et al., 1988). 
The purpose of this study was three fo ld : First, to further 
characterize the VMRI bovine rotavirus isolate. Second, to determine the 
differences at the antigenic and genetic level between NCDV, VMRI, and 
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B641. Third , to generate information useful in the understanding of the 
molecular mechanism for lack of cross protection among bovine 
rotavirus strains NCDV and B641. These rotavirus strains are believed to 
be members of the same serotype (Woode et al., 1983; Woode et al., 1987 ). 
Antigenic analysis of bovine rotaviruses at the genetic level may 
offer several advantages: First , it may provide information on the 
serotypes which are associated with enteric disease in cattle. Second, 
it will aid in developing new strategies for the prevention and control 
of rotavirus-induced enteritis in cattle. Third , it may provide 
information about neutralization proteins which may lead to the 
development of a serotyping classification based on both outer capsid 
proteins VP4 and VP7. 
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LITERATURE REVIEW 
Rotavirus 
Rotaviruses, belonging to the family Reoviridae , include a variety 
of antigenically and morphologically similar viruses. Rotaviruses are 
responsible for gastrointestinal diseases of clinical and economical 
importance (reviewed Estes et al., 1983) . The isolation of a virus 
(NCDV) associated with diarrhea in calves by Mebus et al. (1969) was a 
major advance in determining the cause of acute infectious nonbacterial 
gastroenteri tis . This discovery led to isolation of several 
morphologically similar viruses from a variety of species including man 
and most animals (Bishop et al. , 1973) 
The earliest reports of a virus resembling rotavirus was in 1943 by 
Light and Hodes (1943) when they induced diarrhea in calves from the 
stools of an infected infant. In 1963, Adams and Kraft (1963) isolated 
Epizootic Diarrhea of Infant Mice virus (EDIM) which resembled rotavirus-
like particles. The SAll virus, now a much characterized rotavirus, was 
isolated from a healthy monkey by Malherbe and Harwin (1963). The "0" 
agent from cattle and sheep intestinal washings was described in 1967 by 
Malherbe and Strickland-Cholmley (1968) . All of these viruses have since 
been identified as rotaviruses . The genus rotavirus was established in 
the family Reoviridae by the International Committee on The Nomenclature 
of Viruses (Mathews, 1979). 
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Rotaviruses are now considered major pathogens of both human and 
veterinary importance . 
The Rotavirion 
Morpholo gy and Physicochemical properties 
Rotaviruses are composed of an icosahedral core approximately 38nm 
in diameter which contains the 11 dsRNA segments and an RNA-dependent RNA 
polymerase (Estes et al., 1983; Cohen, 1977). The core is enclosed by an 
inner capsid (s ingle shelled particles) and then surrounded by the outer 
capsid (double shelled particles)(Rodger et al., 1975) Rotaviruses have 
a characteristic appearance when viewed by negative stain electron 
microscopy. The morphology of a complete particle is wheel shaped with a 
sharply defined outer layer representing the outer capsid. The name 
'rotavirus', derived from the Latin word rota, meaning wheel, was first 
used by Flewett et al. (1974), due to its wheel-like appearance of the 
virus . Double shelled particles have a well defined circular shape 
approximately 70nm in diameter, an RNA content of 12% and a buoyant 
density of 1.36 g/ ml in cesium chloride (CsCl). Single shelled particles 
lack the outer caps id , which results in a rougher appearance ( Prasad et 
al . , 1988). Single shelled partic l es measure approximately 55nm in 
diameter, have an RNA content of 16% and a buoyant density of 1.38 g/ml 
in CsCl (Bridger and Woode 1976; Welch 1971; Novo and Esparza 1981 ; 
Rodger et al., 1975). 
Rotaviruses are quite stable to several chemical and physical 
treatments. The infectivity and morphology of rotaviruses are not 
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affected by fluorocarbon extraction, freeze-thawing, sonication or 
treatment of pH 3.0 (Estes et al., 1979; Welch 1971). Treatment of 
rotavirus with proteolytic enzymes , such as trypsin and pancreatin, 
results in enhanced viral infectivity of bovine and simian rotaviruses 
and is necessary for the infectivity of human rotaviruses in tissue 
culture (Clark et al . , 1979; Graham and Estes, 1980; Kitaoka et al., 
1986; Kitaoka et al., 1984 ; Theil et al., 1977; Theil et al. 1978; Theil 
and Bohl 1980). Treatment of rotaviruses with a chelating agent such as 
EDTA converts double shelled particles to single shells which results in 
the activation of endogenous RNA polymerase and loss of infectivity 
( Estes et al., 1979). Rotaviruses are inactivated by 95% alcohol which 
has been found to be the most effective disinfectant tested so far 
(Bishai et al., 1978; Estes et al., 1983). 
Genetics 
The genome of rotavirus consists of 11 segments of nonpolyadenylated 
dsRNA ranging in size from 0.2 to 2 X 106 daltons with a total molecular 
weight of 11-12 X 106 daltons (Kalica et al., 1978b; McNulty et al . 
198la; Rodger et al. , 1975). The dsRNA segments can be divided into f our 
size clas ses as follows: Class I segments 1 -4 - 1.5 - 2.2 kd, Class II 
segments 5 and 6 - 0.8-1 kd, Class III segments 7-9 - 0.5 kd and Class IV 
s egments 10 and 11 - 0 . 2-0 . 3 kd. It has been estimated that rotavirus 
genome segments range in s ize fr om approximately 700 to 3600 base pairs , 
assuming that the average molecular weight per base pair was 600 daltons. 
The number of base pairs pe r segment was estimated for the UK strain of 
bovine rotavirus and were as f ollows ; segment 1 - 3 ,300; segment 2 -
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2,600; segment 3 2,550; segment 4 - 2 , 370; segment 5 1,550; segment 6 
- 1,340; segment 7 - 1,050; segment 8 - 1,050; segment 9 - 1,050 ; segment 
10 - 760; and segment 11 - 680 (Holmes 1983). 
The 11 dsRNA genome segments demonstrate a distinctive pattern in 
polyac rylamide ge l electrophoresis (PAGE) which is unique to rotaviruses 
and can be used to differentiate rotaviruses from reovirus and 
orbiviruses (Todd and McNulty, 1976). Electropherotyping has been used 
to detect rotavirus in c linical samples, as a tool for molecular 
epidemiological studies, and also to distinguish members within a 
rotaviral group ( Kalica et a l ., 1978a) . This technique has proved very 
useful in the study of rotaviruses however it does have limitations . The 
analysis of different human and animal rotaviruses have revealed 
cons iderable inter- and intra-species variability in the migration of 
many of the dsRNA segments (Kalica et al., 1978b; Rodger and Holmes 1979 ; 
Sabara et al., 1982; Paul et al., 1988) . Due to considerable amounts of 
variation seen in migration patterns Clark and McCrae (1983) analyzed 
genome segments using base specific nucleases and sequencing gels which 
determined that variations in migration did not necessarily reflect a 
sequence change in the RNA. Another variation seen in migration patterns 
has been the absolute order of t he genome segments not always 
corresponding to the same genes among rotaviruses within the tight 7, 8, 
9 trip l et (Class III ). I t has been s hown t hat either gene 8 or 9, 
depending on the species, codes for the outer capsid protein VP7 (Offit 
and Blavat 1986; Dyall-Smith et al . , 1983). For example, in the UK 
strain of bovine rotaviruses gene segment 8 codes for VP7, while i n the 
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NCDV strain of bovine rotavirus gene segment 9 codes for the 
neutralization protein (Dyall-Smith and Holmes, 1981; Mccrae and 
McCorquodale, 1982). Short and "supershort" migration patterns have been 
demonstrated and attributed to the inversion of gene segments ten and 
eleven (Dyall-Smith and Holmes, 1981; Paul et al., 1988). The high 
degree of variation among rotaviruses in the size of gene segments 
suggests that genome diversity exists among bovine rotaviruses . Careful 
evaluation of an isolate using several criteria is necessary before an 
isolate can be fully characterized. 
Virus Composition and Virus Proteins 
The RNA segments and the RNA dependent RNA polymerase of the simian 
SAll rotavirus are contained within a core particle which is composed of 
three ma jor proteins, VPl, VP2 and the recently identified product of 
gene segment 3, VP3 ( Estes et al., 1983; Liu et al., 1988 ). Rotavirus 
-polymerase activity has been found to be optimal between 45 and 50 C at 
pH 8.0 in the presence of 8-10 mM magnesium ions (Cohen, 1977). 
Polymerase activity is known to be associated with single shelled 
particles and is activated by chelating agents such as EDTA (Estes et 
al., 1979). The proteins involved in polymerase activity are not known, 
however, it was recently suggested that the newly discovered product of 
gene 3, VP3, might function as part of the virion-associated RNA 
polymerase (Liu et al . , 1988; Estes et al., 1983). The inner capsid is 
composed exclusively of VP6 and encloses the core particle (Estes et al. , 
1983) . The outer capsid contains two structural proteins VP7 and VP4 in 
a molar ratio of 13 to 1 respectively (Prasad et al., 1988). VP7 has 
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been identified as the cell attachment protein (Sabar a et al., 1985; 
Fukuha ra et al . , 1988) and cell a ttachment occurs independent of trypsin 
treatment. The pathway of internalization of human r otavir us (probably 
ani mal v iruses also), however, is determined by tryps in t r eatment. 
Kaljot et a l . (1988) suggested that proteolytic cleavage of VP4 
determines which of two entry pathways rotavirus follows. Trypsin 
treatment of the virus i s associated with the direct plasma membrane 
penetration pathway in which only inner components of the virus are 
internalized l eading to a productive infection (Kaljot et al. , 1988 ; 
Fukuhara et a l . , 1988 ). Non-trypsin treated virions will attach t o 
cells, enter by e ndocytosis and are subsequently destroyed in the 
lysosomes (Kalj ot et al., 1988). Kaljot et al. ( 1988) sugges ts that 
infectious r otavirus employ a novel entry strategy: protease - dependent 
direct cell membrane penetration which has also been suggested by EM 
studies. He further suggests this vir us-cel l membrane interaction leads 
to virus capsid r earrangement, vi r a l transcriptase activation , cell 
membrane pore f ormation, and the passage of viral RNA into the cytoplasm 
by a mechanism analogous to bacteriophage i~fection . The remaining RNA 
segments are believed to code for nonstructural proteins ( Estes et al ., 
1983; Liu et al., 1988; Chan et a l . , 1986). 
Many investigators have studied the number and molecular weight (MW) 
of structural proteins of bovine rotaviruses and hav e reported as many a s 
8 - 10 structural proteins (Matsuno and Mukoyama, 1979; Mccrae and 
McCorquodale, 1982 ), but it is now believed the number is closer to 5-6 
( Estes et al., 1983; Liu et a l ., 1988). These discrepancies may reflect 
10 
different methodologies used for virus growth and purification , 
polypeptide analysis, failure to use molecular weight s tandards , 
differing PAGE systems and different rotavirus strains (Estes et al. , 
1983) . Although rotaviruses contain several structural proteins , three 
proteins are most significant and will be discussed in more detail . VP6 
is the product of the sixth gene segment, approximately 42 kd in size and 
associated with the inner capsid as determined by agglutination of single 
shelled virus particles with heterologous antisera (Woode et al., 1976; 
Bridger, 1978). VP6 contains an antigenic region which codes for the 
common group antigen of group A rotavirus (Kalica et al., 1981). It was 
thought all rotaviruses shared a common antigen and several tests to 
detect rotavirus were developed using this common antigen including 
complement fixation (CF), immunofluorescence ( IF) , gel diffusion and 
immune electron microscopy (IEM) (Woode et al. , 1976; Kapikian et al . , 
1981; Estes et al., 1983 ). As more isolates were adapted to cell 
culture, at least two antigenically distinct type of r otaviruses were 
identified (Thouless et al . , 1977; Yolken et al ., 1978b) by CF, IEM and 
enzyme linked imrnunosorbant assay (ELISA). Kalica et al . (1981) has 
shown that VP6 was also the polypeptide associated with this antigenic 
specificity (Yolken et al., 1978). Greenberg et al. (1983a), using 
monoclonal antibodies, demonstrated the existence of at least two 
distinct domains on VP6 with one region representing the common antigen 
and a second domain with at least two specificities. The second more 
diverse domain was termed the subgroup antigen. Kalica et al. (1981) 
demonstrated the antigenic determinants involved in non-neutralizing 
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tests were associated with VP6 and were separate from determinants 
involved in neutralization. Kapikian et al., ( 1981 ) suggested the term 
subgroup refer to antigenic determinants involved in non-neutralization 
tests (CF, IF, Immune adherence hemadsorption assay; IAHA) and the term 
serotype be reserved for neutralization antigens. 
VP7 is the major outer-shell glycoprotein which contains 
neutraliza tion epitopes and determines the virus serotype (Greenberg et 
al., 1983b; Kalica et al., 1981). VP7 is important in the development of 
neutralizing antibodies which can neutralize the virus in vivo and in 
vitro. VP7 is coded for by either gene 8 or 9 depending on the strain of 
virus (Both et al., 1983; Mason et al., 1980). The sequence analysis 
data has shown that VP7 gene is 1062 nucleotides in length. The sequence 
of the first 10 nucleotides at the 5' end of VP7 genes of all group A 
rotaviruses is conserved in rotaviruses sequenced so far ( Both et al., 
1983; Gorziglia et al., 1986) . Studies have demonstrated that VP7 is 
composed of two molecular species identified as VP7-l which is 37 kd in 
size and VP7-2 35 kd in size (Sato et al., 1986; Suzuki et al. , 1984; 
Chan et al., 1986; Fukuhara et al., 1988). The origin of the two 
proteins is unknown at this time but both proteins can be reduced to 29 
kd in the presence of tunicamycin which suggests the mo l ecular weight 
difference is due to different glycosylation pathways (Sato et al., 1986; 
Suzuki et al., 1984). Chan et al. ( 1986) however suggests the two 
proteins originate from two in- phase codons at nucleotides 49 to 51 and 
136 to 138 and differ in amino terminal sequences. The two VP7 
glycoproteins are functionally distinct since cell binding activity is 
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associated with the 35 kd species only which suggests the importance of 
the carbohydrate moiety structure in cell binding (Fukuhara et al., 
1988). Both molecular species may perform an essential function such as 
assembly of the outer capsid of mature viral particles since both 
proteins are found in the lysate of infected MA104 cells as well as 
mature viral particles (Sato et al., 1986; Suzuki et al., 1984; Chan et 
al., 1986). 
Identification of the antigenic domains on VP7 is important since 
VP7 induces protective antibodies and determines serotype specificity . 
Monoclonal antibody resistant (Mar) variants have been used successfully 
in the analysis of neutralization epitopes of influenza virus (Lubeck and 
Gerhard, 1981), poliovirus (Minor et al . , 1983) and other viruses (Wiktor 
and Koprowski, 1980; Yewdell and Gerhard, 1981). Monoclonal antibody 
resistant (Mar) variants have been used to identify two distinct domains 
on VP7 (Sonza et al., 1984; Dyall-Smith et al., 1986; Shaw et al., 1986). 
Further studies indicated that two areas of VP7 mediate serotype specific 
neutralization (amino acids 94 to 99 and 211 ) . The areas are physically 
approximated in the intact virion and the neutralization domain is 
comprised of these two discontinuous epitopes (Mackow et al., 1988b; 
Dyall-Smith et a l., 1986). The possibility that the neutralization 
structur e of VP7 was dependent on tert iary and quaternary structure was 
evidenced by: (i) antibodies raised against denatured proteins failed to 
recognize the virus, (ii) linear synthetic polypeptides do not elicit 
neutralizing antibodies, (iii) most neutralizing VP7 monoclonal 
antibodies (Mab) will not immunoprecipitate protein present in infected 
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cell lysates (Bastardo et al., 1981; Gunn et al., 1985; Taniguchi et al. , 
1985; Coulson et al., 1985; Heath et al., 1986). All the evidence 
suggests that distinct regions of the "linear" protein are brought 
together and only assume the ultimate conformation when incorporated into 
the mature virion. 
The nucleotide sequence of the VP7 gene of more than 35 rotavirus 
strains has been determined, and the deduced amino acid sequence 
comparison has revealed six discrete divergent regions (A- F) among 
different serotypes (Glass et al., 1985; Green et al., 1987). The six 
regions correspond to amino acids: 39-50 (region A); 87 -101 (region B) ; 
120-130 (region C); 143-152 (region D); 208-221 ( region E); and 233-242 
(region F). Dyall-Smith et al., (1986) identified three regions (B, D 
anq E) as the antigenic sites involved in serotype-specific 
neutralization which corresponds to the two regions previously identified 
as the conformation neutralization epitope. Identification of specific 
antigenic epitopes is essential in developing vaccine strategies. 
VP4 is the second outer capsid protein which was previously referred 
to as VP3 (Liu et al., 1988). VP4 is an 82 to 88 kd protein encoded by 
gene segment 4. Gene 4 is 2,359 - 2,364 base pair in length depending on 
the strain sequenced (Gorziglia et al., 1988; Kantharidis et al., 1988; 
Potter et al .. 1987; Taniguchi et al., 1988). Gene 4 contains one long 
open reading frame of 2,325 bases which codes for a protein 775-776 amino 
acids in length. The 5' and 3' terminal non-coding regions of 9 and 22-
25 nucleotides respectively are highly conserved (Kantharidis et al., 
1988; Taniguchi et al., 1988; Gorziglia et al., 1988) but the 3' 
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noncoding region of C486 bovine isolate contains two additional bases 
(Potter et al., 1987) . In human rotaviruses, twenty-three proline 
residues are conserved which may have a major influence on the 
conformation since proline is known to distort three-dimensional 
structure (Gorziglia et al., 1988) . Conserved trypsin cleavage sites are 
located at amino acids 241 and amino acids 247 with amino acid 247 being 
the preferred site identified by Lopez et al., (1985). The preferred 
trypsin cleavage site in the UK virus is located one amino acid toward 
the N terminus (Kantharidis et al . , 1988 ). A second potential trypsin 
cleavage site has been identified at amino acid 245 in symptomatic 
viruses (Gorziglia et al ., 1988; Mackow et al., 1988) . 
In vitro exposure of virions to proteolytic enzymes cleaves VP4 into 
VPS (58-60 kd) and VP8 (27 -28 kd) (Estes et al., 1981; Espejo et al ., 
1981; Offit et al., 1983; Kalica et al., 1983) resulting in a two to 
nine-fold increase in infectivity in cell culture (Estes et al., 1981) . 
Conserved regions flanking the trypsin cleavage sites corresponding to 
amino acids 224-236 and 257 -2 71 have been observed in RRV, SAll and RVS 
possibly holding sites in proper conformation for cleavage (Mackow et 
al., 1988 ). Gorziglia et al. (1988) observed the region between the 
cleavage sites was highly conserved and suggested it as a possible 
molecular candidate for virulence since the extra cleavage site at amino 
acid 245 was present in all sequenced symptomatic viruses. 
Several functions have been assigned to VP4 including: 
hemagglutination (Greenberg et al., 1983b), increased infectivity in cell 
culture (Kalica et al., 1983; Estes et al., 1981), restriction of 
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virulence of certain strains in mice and humans, (Offit et al., 1986c; 
Flores et al., 1986b) and induction of protective neutralizing antibodies 
(Hoshino et al., 1988; Offit et al., 1986) . Antibodies directed to VP4 
inhibit viral hemagglutination (Greenberg et al., 1983a) and neutralize 
the virus in vitro and in vivo (Greenberg et al, 1983a; Offit and Blavat, 
1986; Offit et al., 1986b). As the number of functions assigned to VP4 
increased it has become clear that VP4 plays a significant role in 
pathogenesis and recovery from rotavirus infections. 
Early studies using VP4 specific Mab demonstrated virus 
neutralization which was inconsistent with previous findings that 
associated neutralization with VP7 ( Taniguchi et al., 1985 ; Greenberg et 
al., 1983c) . A study by Hoshino et al. (1985) demonstrated that VP4 was 
an important immunogen and could elicit neutralizing antibodies. Hoshino 
used a naturally occurring interserotypic virus M37 and reassortants made 
from the UK strain of rotavirus to demonstrate that serotype specificity 
of VP4 could be determined and differentiated from VP7. Hoshino 
suggested a dual classification system for rotavirus based on 
neutralization specificities of both VP4 and VP7 was needed. Reassortant 
viruses containing VP4 and VP7 from different serotypes have been used to 
demonstrate that both passive and active immunity can offer protection 
against challenge from both parental serotypes in mice and pigs (Offit et 
al., 1986a; Hoshino et al., 1988). These findings support the 
development of a reassortant rotavirus vaccine which could protect 
against more than one serotype. 
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As with VP7, Mab were used to identify neutralization domains on 
VP4. A study by Shaw et al . (1986) identified two domains on VP4 which 
mediated viral neutralization and hemagglutination. Shaw's data 
suggested both homotypic and he terotypic neutralizing epitopes existed on 
VP4 suggesting that antibodies could be induced which could neutralize 
more than one serotype of rotavirus. Evidence to suggest the cross-
reactive neutralizing antigenic site(s) may exist among heterotypic 
rotaviruses include: ( i ) neutralization of heterotypic rotaviruses using 
hyperimmune antisera or . convalescent -phase sera, although titers are low 
(Bishop et al., 1983 ; Estes et al., 1983; Wyatt et al., 1983); (ii) 
heterotypic cross protection induced by vacc inat i on with human and animal 
rotavirus strains (Kapikian et al . , 1986; Vesikari et al., 1984 ; Zissis 
et al., 1983); ( i i i ) cross - react i ve neutralizing Mab which react with 
rotaviruses of different serotypes which have been produced (Offit et 
a l., 1986b; Tani guchi et a l ., 1985; Taniguchi et al., 1987). 
Taniguchi et al. (1987) used neutraliz i ng Mab's against 5 serotypes 
of viruses and the r esul ts suggested the exis tence of three operationally 
distinct cross-reactive neutralization epitopes on VP4. Burns et al . 
( 1988) also identified a cross reactive neutra l ization site on SAll which 
corresponded to a site identified by Tani guchi et al. ( 1987) . 
Taniguchi et al. ( 1987) using the same neutralizing Mabs also 
demonstrated intraserotypic variations within some human rotav i rus 
strains and a marked difference between the r eactivity of serotype 2 when 
compared with serotype 1, 3 and 4. This difference between s e ro type 2 
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and 1, 3 and 4 had been previously noted by RNA-RNA Hybridization (Flores 
et al., 1986). 
The difference between serotype 2 and 1, 3 and 4 was further 
compared by sequence analysis of human rotaviruses which indicated 
serotype 2 had several unique regions which were divergent from the other 
serotypes (Gorziglia et al., 1988) . 
Taniguchi et al . (1988) developed Mar mutants and analyzed the 
sequences to determine the serotype-specific and heterotypic 
neutralization epitopes on VP3 . Three distinct neutralization epitopes 
which corresponded to amino acid position 305 (epitope 1), and 392 and 
439 (epitope 2) and 433 (epitope 3) were clustered on VPS, the larger 
cleavage product of VP4. Taniguchi also suggested that epitope II was 
conformational epitope while epitope I was a sequential determinant. 
Epitope II has been shown to be cross reactive to serotype 1, 3 and 4 
strains while specific to serotype 2 and evidence suggests epitope I may 
also be site specific to serotype 2 and cross reactive to 1, 3 and 4. 
Identification of cross-reactive neutralization antigenic determinants 
will prove useful in developing vaccines against rotavirus infection . 
Streckert et al. ( 1988) tested a synthetic peptide vaccine 
corresponding to the C terminal of VP8 and demonstrated production of 
antibodies which had strain specific neutralization activity. The region 
selected for the synthetic peptide did not correspond to regions 
identified by Taniguchi et al. ( 1988 ) indicating additional 
neutralization epitopes may exist on VP8. 
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A recent study expressed RRV gene product VP4 using a baculovirus 
recombinant which retained functional and antigenic conformation (Mackow 
et al., 1989) . The ability to express large amounts of VP4 will aid in 
the study of functions associated with VP4 and in measuring the immune 
response to a single rotavirus polypeptide determining its usefulness as 
a synthetic rotavirus vaccine. 
Gene Coding Assignments 
Gene coding assignments for rotavirus genes have been determined in 
various ways, including: a) in vitro translation of denatured dsRNA b) 
phenotype and genotype correlation using reassortant viruses and c) Mab 
reactions to gene products. The simian rotavirus SAll has been 
extensively studied by the above methods. Table 1 summarizes the coding 
assignments of the various gene products (Kapikian and Chanock, 1985). 
Classification of Rotaviruses 
Group and Subgroup Classification 
Early studies established that rotavirus from birds and a range of 
mammals possess a common group antigen associated with the inner capsid 
of the virion and later assigned to VP6 (Woode et al., 1976; Flewett and 
Woode, 1978; Kalica et al . , 1981). The common group antigen can be 
detected by numerous serological tests including immunoelectron 
microscopy (IEM), complement fixation (CF), immunofluorescence (IF), 
enzyme-linked immunosorbent assays (ELISA) and immune adherence 
hemagglutination assay (IAHA) (Woode et al . , 1976; Flewett and Woode, 
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Table 1. Summary of polypeptides encoded by gene segments of SA-lla 
Genome Primary 
Segment Product 
1 125 kDa (VPl)b 
2 94 kDa (VP2) 
3 88 kDa (VP3) 
4 88 kDa (VP4) 
5 53 kDa (NS)c 
6 41 kDa (VP6) 
7 34 kDa (NS) 
8 35 kDa (NS) 
9 37 kDa (VP7) 
10 20 kDa (NS) 
11 26 kDa (VP9) Yes 
8 Kapikian and Chanock, 1985. 
bvp - viral polypeptide. 
Modification 
None 
Cleaved 
Cleaved 
None 
None 
None 
None 
Glycosylated 
& Trimmed 
Glycosylated 
& Trimmed 
- Type Unknown 
CNS - nonstructural polypeptide . 
Modification 
Product(s) 
None 
60K VPS* 
28K VPS* 
None 
None 
None 
None 
38 kDa VP7 
29 kDa NS 
27 kDa VP9 
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1978 ; Estes et al., 1983 ; Holmes , 1983). The distinctive migration 
pattern of the 11 dsRNA segment of the rotavirus has also been used to 
classify viruses according to groups. Group A rotaviruses have an RNA 
electrophoretic pattern in PAGE described as four regions containing 4, 
2, 3 and 2 segments r espectively (Kalica et al., 1978a). Viruses that 
are morphological l y identical but lack the common group antigen have also 
been isolated . Serologic studies (indirect immunofluorescence) indicate 
these atypical rotaviruses do not cross react with the common group A 
antigen and can be further divided into four separate groups based on the 
group specific antigen (Bridger et al., 1982; Saif et al., 1980; NcNulty 
et al . , 198la; Pedley et al., 1983; Pedley et al., 1986) . These atypical 
viruses contain 11 dsRNA segments but demonstrate RNA electrophoretic 
patterns which are distinct from Group A rotaviruses (Snodgrass et al . , 
1984a; Pedley et al., 1983; Pedley e t al., 1986). Group B rotaviruses 
have an electrophoretic pattern in PAGE divided into four regions 
containing 4, 2, 2 and 3 segments respectively. The group C rotavirus 
electrophoretic pattern has 4 r egions containing 4, 3 , 2 and 2 segments. 
The electrophoretic pattern of group D rotaviruses has 4 regions 
containing 5, 2, 2 and 2 segments and group E rotavirus electrophoretic 
pattern has 4 regions containing 4, 2, 2 and 3 segments (Pedley et al., 
1983 ; Pedley et al., 1986). The use of electrophoretic patterns in PAGE 
to group r otaviruses is rapid, but confirmation by serological tests is 
necessary . 
Group A rotaviruses have been isolated from most mammals including 
humans, calves, piglets, foals and the avian species (Mebus et al ., 1969; 
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Bishop et al., 1973; Leece et al., 1976; Flewett et al., 1975; McNulty et 
al., 1976). Group B rotaviruses have been isolated from pigs in the 
United States and England (Bridger, 1980; Theil et al., 1985) and humans 
in China (Hung et al . , 1984) . Group C rotavirus previously referred to 
as pararotavirus have been isolated from pigs in the United States (Bohl 
et al., 1982) . Group D rotaviruses have been isolated from chickens in 
England , and turkeys and pheasants in the United States ( Pedley et al., 
1986). Group E rotaviruses have been isolated from pigs in England 
(Chasey et al., 1985 ). 
Group A rotaviruses can be further classified into two subgroups 
based on an additional antigenic specificity encoded in gene 6. 
Subgrouping of rotaviruses can be determined by ELISA and IAHA. The 
majority of animal rotaviruses possess t he subgroup I specificity while 
the majority of human rotaviruses possess the subgroup II antigen 
(Hoshino et al., 1984) although several exceptions do exist. 
Serotype Classification of Rotaviruses 
Serotypes of rotaviruses can be discriminated by virus 
neutralization tests including plaque-reduction assays (PRN) (Hoshino et 
al., 1984) and fluorescent focus neutralization (FFN) (~oode et al ., 
1983). The serotype-specific antigen involved in virus neutralization is 
mainly defined by VP7 which is encoded by RNA segment 8 or 9 (Kalica et 
al., 1981; Greenberg et al . , 1983b). Although antibodies directed to VP4 
can neutralize the virus and result in ambiguous data, their role in 
determining serotype has not been determined (Hoshino et al., 1987). At 
least seven serotypes of group A rotaviruses have been reported in 
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accordance with the unified scheme of serotyping rotaviruses from animals 
and man ( Hoshino et al., 1984). A summary of current serotype 
classification of a limited number of rotavirus is presented in Table 2. 
Table 2. Rotavirus serotypes determined by neutralizationa 
Ser otype Ani mal rotavirus Human rotavirus 
prototype strain prototype strain 
1 none Wa , KB, KU, D, DB 
2 none DS-1 , S2 , KUN, 390 
3 S-SAll, S - RRV, C- Cu - 1 F-(Taka), E-H-2 P , M, Walk 57/ 14, Mo 
4 P - Sb - 2, P-Gottfried , P-SB-lA St. Thomas No. 3 and No. 4 
5 P- OSU, E-H-1, P- SB- l A None 
6 B-NCDV, B-UK None 
7 C- c h .2 T-Ty.l None 
8 none 69M 
9 none WI61 
aKapikian and Chanock, 1985. 
B bovine E - equine 
s - simian p - porcine 
c - canine c - chi cken 
F feline T - turkey 
At least two additional serotypes have been propose d with 69M 
(serotype 8) (Matsuno et al. , 1985) and WI61 (serotype 9) (Clark et al. , 
1987) serving as the prototype viruses. While traditional methods of 
serotyping have used PRN or FFN assays, several groups hav e investigated 
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the use of VP7 ser o t ype - specific Mab f or us e in serotyping ELISA ( Shaw et 
al., 1985; Taniguchi et al., 1987; Coulson e t a l., 1987). ELI SA is a 
sensitive and effi c i e nt method to serotype rotaviruses, however, problems 
seen wi th ELI SA serotyp i ng have i nc luded the inability to serotype all 
i sol ates and problems sel ec t i ng a Mab which de tec t s all isolates of the 
same serotype (Coulson et a l ., 1987; Taniguchi et a l . , 1987). Nucleic 
acid hybridization has also been util i zed i n the differentiation of 
rotavirus serotypes (Dimitrov et al., 1985; Lin e t al ., 1987; Johnson et 
al ., 1989; Flores et al., 1989). Dot blot hybrid ization s tudies have 
distinguished serotypes 1 , 2, 3, 4 and 5 and have a lso ser o t yped 
rotavirus isolate Mabs have not recognized ( Flor es et al . , 1989 ; J ohnson 
et a l ., 1989). Modification of t he dot blot t e st to i nclude use of non-
radioactive probes may allow practical applicati on of dot blot 
hybridization to serotyping. 
Comparison of the nucleotide sequence of r otavirus VP7 (gene 8 or 9) 
has also been used to determine serotype. Glass e t al. (1985) i dentified 
six serotype-specific regions designated A-F which wer e conserved within 
serotypes while differing among serotypes. Green e t al. ( 1987) observed 
an overall 15-29% d i vergence in the VP7 prote i ns of the f our human 
serotypes and a 91- 99% homology within a serotype in t he six s e ro type 
specific regions. Green et al. (1989) examined 35 ro t avirus strains 
using sequence ana lysis and r eported the predicted serotype correlated 
with the serotype determined by PRN or Mab based ELISA. Although rou tine 
serotyping by sequence analysis may not be pract i cal , it has shown to be 
accurate and offers an additional method to determine serotype. 
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Detection of Rotavirus 
Many assays have been developed to detect rotavirus. Visualization 
of rotaviruses with electron microscopy was the first method used to 
detect rotavirus and still remains useful, however, additional methods 
which are easier and require l ess time and equipment have been developed . 
Electron microscopy (EM) has the advantage of being highly specific and 
detection rates run as high as 90% in virus-positive specimens (Brandt et 
al. , 1981). 
Since cell culture replication of animal rotaviruses is sometimes 
difficult, a fluorescent antibody (FA) test using frozen sections of 
intestine was developed. The FA technique is simple, rapid and accurate, 
but due to rapid shedding of rotavirus infected epithelial cells from the 
tips of the vi lli into the intestinal lumen , detection of rotavirus 
antigen 24 to 72 after the onset of diarrhea can be difficult (Benfield 
et al., 1984; Rhodes et al., 1979). In an effort to overcome 
disadvantages of the EM and FA techniques, several immunoassays 
including: complement fixation (CF), immunoelectroosmophoresis, !AHA, 
immunodiffusion (ID) and ELISA have been developed for the detection of 
rotaviruses (Estes et al., 1983). The ELISA is the most sensitive and 
widely used method used to detect rotavirus in clinical samples of human , 
pig, and cattle feces. Rotazyme (Abbott Laboratories, North Chicago, 
IL), a commercially available ELISA, uses antibody directed to the common 
group A antigen to detect rotavirus antigen. Disadvantages of ELISA 
include false positives and lack of detection of other rotavirus groups. 
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Cultivation of rotavirus in cell culture has been used to detect and 
amplify rotavirus. The addition of trypsin in the media and the use of 
roller tubes has increased the number of rotaviruses isolated (Sato et 
al., 1981; Urasawa et al., 1981). One disadvantage to direct cell 
culture is many rotavirus isolates including group B and C cannot be 
grown in cell culture and will go undetected . Direct detection of 
rotaviral nucleic acid in silver stained polyacrylamide gels (PAGE) has 
also been developed. This method has several advantages including 
simplicity , economy, speed and tentative identity of electropherotype 
(Herring et al . , 1982 ). Herring reported that PAGE, EM and ELISA were 
equal in sensitivity and the detection limit of the silver stain for a 
singl e band was 300 to 400 pg of RNA. A distinct advantage to PAGE is 
the ability to detect additional groups of rotaviruses and the 
unambiguous nature of positive results (Herring et al., 1982). 
A recently developed dot hybridizat ion assay is based on the in situ 
hybridization of labeled rotavirus ssRNA transcripts to heat denatured 
rotavirus RNA immobilized on nitrocellulose or nylon membranes ( Flores et 
al., 1983; Pedley and Mccrae, 1984; Lin et al., 1987; Flores et al., 
1989). The test is highly specific and 10 to 100 fold more sensitive 
than ELISA, allowing the detection of as little as 8pg purified RNA in 
homologous reactions (Kap ikian and Chanock , 1985). A major disadvantage 
to dot hybridization is the use of radiolabeled probes which are time 
consuming and pose a potential hazard. 
Many techniques for measuring serological response to rotavirus 
infection including IEM, immunofluorescence (IF), virus neutralization 
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and CF (Kapikian and Chanock , 1985) have been developed. Serological 
diagnosis can be made when acute and convalescent sera are available 
using the afore mentioned techniques . 
Detection of rotavirus and/or demonstration of a serologic response 
to rotavirus does not necessarily indicate rotavirus as the cause of 
illness since infants and adults commonly undergo subclinical infection . 
Bovine Rotavirus 
Ro tavirus Infections in Cattle 
Neonatal calf diarrhea, or calf scours, in calves less than 30 days 
of age is cons idered the most important disease in both dairy and beef 
herds in the United States, the United Kingdom and New Zealand (Woode et 
al. , 1975; Woode and Bridger, 1975; Acres and Babiuk , 1978; Moon et al., 
1978; Woode, 1978). Neonatal calf diarrhea cannot be attributed to a 
single disease but rather a group of organisms that share many clinical 
characteristics. Organisms involved in neonatal calf diarrhea include: 
Enterotoxigenic Escherichia coli (ETEC), Campylobactor ~· , Salmonella 
~- , rotavirus, coronavirus, astrovirus, calcivirus, parvovirus and 
cryptosporidium (Tzipori, 1981; Woode and Bridger, 1975; Moon et al., 
1978). 
Since the isolation of the first bovine rotavirus (NCDV) was 
reported in the United States, its role in neonatal calf diarrhea has 
been extensively explored (Mebus et al., 1969). Rotaviruses have been 
isolate d from calves in the United Kingdom (Woode et al., 1974), Ireland 
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(McNul t y et al . , 1976), Australia (Turner et al., 1973), Canada (Babiuk 
et al., 1977), Germany (Brussow et al., 1987), Argentina (Bellizoni et 
al., 1987) and Japan (Murakami et al., 1983). Rotaviruses are widely 
distributed as evidenced by serological studies which indicate that 
ninety to one hundred percent of cattle, humans and pigs possess serum 
antibodies to rotavirus (Woode, 1978). A survey conducted to determine 
the cause of viral diarrhea in calves revealed that rotavirus was second 
only to coronavirus (Mebus, 1980). A survey in the United Kingdom and 
Northe rn Ireland indica t ed rotavirus was isolated from eighty percent of 
diarrhea outbreaks from both dairy and beef herds. Rotavirus has been 
demonstrated in 69 herds in Nebraska, and from herds from South Dakota, 
Il l inois, California, Wiscons i n, Ar izona , Colorado, Kansas, New Mexico 
and Ohio (Mebus et a l . , 1971). Economic losses to t he cattle industry 
ranging f rom three to eight million dollars per year resulted from lower 
feed effi c i ency and retarded weight gain from r otav irus infected calves 
(House, 1978; Woode and Crouch, 1978). 
Rotavirus Strains Associated with Catt l e 
Bovine rotavirus was first isolated in the United States and 
referred to as reov irus-like virus or Nebraska (Neonatal) calf diarrhea 
virus (NCDV) (Mebus et al., 1969). In 1974, a morphologically similar 
virus was isolated in England which was later shown to be antigenically 
re l ated (Woode et a l., 1974; Ojeh et a l. , 1984; Wyatt et al., 1980). 
Several additional bovine rotaviruses have been i solated and s ome 
representative isolates are listed in Tab l e 3. Group A r otaviruses are 
the most prevalent group of rotaviruses isolated from diarrheic calves 
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Table 3. Bovine rotavirus isolatesa 
Virus Reference Bovine Sero type 
NCDV 1 Mebus et al., 1969 
UK (England) 1 Woode et al., 1974 
8641 1 Woode et al., 1983 
8223 2 Woode et al. I 1983 
82352 (Canada) 3 (?) Spence et al., 19 78 
814 Gaul et al., 1982 
C486 (Canada) 1 Babiuk et al., 1977 
KK3 (Japan) 2 Murakami et al . , 1983 
KN4 (Japan) 3 Murakami et al . I 198 3 
639 (UK) 1 Snodgrass et al., 1984b 
678 (UK) . 2 Snodgrass et al., 1984b 
VlOOS (Ge rmany) 2 Bruss ow et al. , 1987 
ESV (Group B) Vonderfecht et al., 1986 
DS22 (Group B) (UK) Snodgrass et al., 1984a 
DS31 (Group B) (UK) Snodgrass et a l ., 1984a 
ID Theil and McCloskey, 1988 
VMRI 1 Paul et al . , 1988 
aunless noted otherwise, viruses were i solated in the United States. 
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(Theil and Mccloskey, 1988 ; Be lli nzoni et al., 1987; Snodgrass et al. , 
1984b). This may be due to methods used to detect rotavirus which 
usually consists of an ELISA using an antibody to the group A antigen and 
would not detect additional groups. Recently several groups have 
reported on the isolation of atypical rotaviruses in cattle (Snodgrass et 
al., 1984a , Vonde rfecht et al., 1986; Chasey and Davies, 1984). 
Prevalence of other rotavirus groups in cattle has not been determined 
since r ap id detection methods such as ELISA do not exist and atypical 
rotaviruses can not be isolated in cell culture. 
Since group A rotavirus i s the most frequently detected bovine 
rotavirus, it is the mos t studied. Serologic analysis of bovine isolates 
has dete rmined that at least two and possibly three serotypes of 
rotavirus exist in cattle (Woode et al., 1983; Murakami et al., 1983; 
Snodgrass et al., 1984b ; Brussow et al., 1987) . The relationship' between 
isolates from the U.S. and other countries has not been fully determined 
due to import restr ictions, however, the most common isolate within each 
country was sero t ypical l y related to NCDV (Snodgrass et al., 1984b; 
Brussow et al . , 1987; Mur akami et al., 1983). Serologic analysis of 
bovine rotavirus field isolates has indicated most are bovine rotavirus 
serotype 1 based on the 20-fold difference in neutralization titers 
(Woode et al., 1983; Snodgrass et al ., 1984b). Even though most isolates 
are serotype 1, some degree of antigenic diversity exists between the 
field isolates and the established bov ine serotype 1 rotavirus (Gaul et 
a l ., 1982; Woode et al., 1983; Paul et al., 1988). Antigenic differences 
also exist between the two prototype bovine serotype 1 rotaviruses NCDV 
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and UK. In a study using reassortant viruses containing UK gene 4, it 
was demonstrated that no cross reac tion occurred between NCDV and UK 
(Hosh ino et a l. , 1985 ), and has since been determined that gene 4 of UK 
and NCDV is distinct (Kantharidis et al . , 1988) . Reassortant viruses 
containing either NCDV gene 4 or gene 9 were used to vaccinate mice which 
were then challenged with UK bovine rotavirus. Mice vaccinated with 
reassortant virus containing NCDV gene 4 were not protected against UK 
challenge while mice vaccinated wi th the reassortant virus containing 
NCDV gene 9 were protected. Cross protection studies conducted in calves 
and mice using NCDV and UK virus, demonstrate cross-protection (Woode et 
al., 1978; Offit e t al., 1986a). Further antigenic diversity between 
serotype 1 bovine r otavirus has been noted between NCDV and B641 (Woode 
et al., 1983; Woode et a l ., 1987). Calves vaccinated with NCDV were not 
protected against B641 challenge even though convalescent antiserum 
titers to both vi ruses are similar. Woode could not explain this 
phenomenon and suggested B641 was a minor serotype variant of NCDV . 
Results from these studies indicate that in vitro neutralization does not 
necessarily corre late with in vivo cross protection studies and suggest 
in vivo testing is a more sensitive method to determine antigenic 
relatedness. 
In addition to group A rotaviruses and atypical rotav iruses, group A 
r otaviruses with novel RNA electrophoretic patterns have also been 
isolated from calves (Theil and Mccloskey, 1989; Allen et al . , 1989). 
The significance of these novel patterns has not yet been determined but 
it does indicate that substantial genomic diversity exists within bovine 
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group A rotaviruses. In addition to these group A rotaviruses possessing 
novel RNA patterns, two reports have indicated the existence of group A 
bovine rotaviruses with a short (Theil and McCloskey, 1988) and a "super-
short" (Paul et al., 1988) electr ophor etic patterns. The isolates have 
been shown to be serotype 1 bovine rotaviruses. In these viruses, gene 
segments 10 and 11 have slower electrophore tic mobilities. The 
significance of the altered e l ectrophoretic pattern has not been fully 
determined. 
Clinical Features of Rotavirus Infection 
Rotaviruses have been shown to produce diarrhea in gnotobiotic 
calves (GC), colostrum-deprived caesarean-derived (CDCD) calves and 
conventionally reared calves (Mebus et al., 1971 ; Tzipori et al., 1981; 
Woode, 1978; Woode and Bridger, 1975). Infection occurs suddenl y and 
explosively spreads within a herd of susceptible animals (Woode, 1978; 
Woode and Crouch, 1978). The incubation period can range from 18 to 96 
hours which is followed by a short period of depress ion followed by 
diarrhea. In infected calves , feces can range from watery brown, gray, 
light yellow or light green which may con tain fresh blood and mucus 
(Tzipori et al., 1981; Torres -Medina, 1984; Woode and Crouch, 1978). 
Usually, the dis ease lasts from one to eight days but sometimes longer in 
young calves (Tzipori et al., 1981). Prolonged diarrhea results in 
weight loss (body weight loss of 10 to 25%) and dehydration. The 
individual may die 4 to 7 days afte r commencement of diarrhea if the 
dehydration is severe (Woode, 1978; Woode and Crouch, 1978). The 
susceptibility of GN, CDCD and conventional calves to rotaviruses has 
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been shown to be age dependent with calves under 7 days most susceptible 
(Tzipor i et al., 1981) although rotavirus can occur in all ages including 
adult cattle. Rotavirus has been shown to be associated with enteritis 
and death in calves from 0 to 9 weeks of age. Clinical signs in adult 
animals can be severe and result in temporary physiologic disturbances, 
such as, a marked decline in milk production of cows but rarely does 
mortality occur (Woode and Bridger, 1975; Woode and Crouch, 1978) . Age 
dependent susceptibility may be related to different rotavirus strains 
since it has been demonstrated that the UK isolate can cause clinically 
severe disease in GN calves up to 35 days of age while Tzipori et al. 
(1981) could only induce diarrhea in calves up to 7 day s of age with four 
Australian i so lates (Woode et al., 1978). 
During the acute phase of the disease, it has been shown that calves 
can excrete approx imately 106 - 108 infectious doses of rotavirus per 
gram of feces for five to n ine days (Woode et al., 1976; Woode and 
Crouch, 1978). Natural transmission of rotavirus has been associated 
with direct or indirect contact (human handlers , contaminated utensils ) 
when calves are in intensive housing systems (dairy herds ) (Woode , 1978). 
However, explosive outbreaks of rotavirus a lso occur in grazing beef 
herds . Woode ( 1978) s uggested adults a r e the major source of infection 
since outbreaks of disease in calves are frequently associated with mild 
diarrhea in one or more cows. Subclinical infec tions within a herd may 
exist and may be as frequent as clinical infections . Subclinical 
infections may result f r om infection with a pathogenic strain in the 
presence of passively derived immunity or infection with a strain which 
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is not pathogenic to the infected animal (Woode, 1978; Woode and Crouch, 
1978). Long survival rate of the virus in the envirorunent may also play 
a role in herds with r ecurrent infections (Woode et al . , 1975) . 
Morbidity in previously unexposed herds can run as high as 80 to 
90%, however, mortality is generally low (Acres and Babiuk, 1978; Woode , 
1978 ) unless complicated with bacterial infections. In nearly all 
outbreaks of rotav irus-induced diarrhea, one or more additional agents 
including ETEC, Salmonella ~. coronavirus and coccidia can be isolated 
although the interaction between these agents has not been fully 
deter mined (Woode and Bridger, 1975; Acres and Babiuk, 1978) . ETEC is 
the most common cause of diarrhea in calves under three days of age . The 
ETEC incubation period is short, 12 to 18 hours, calves become depressed 
and anorexic. Dehydration and death may result from profuse watery 
diarrhea. Two important virulence factors which distinguish ETEC from 
non-pathogenic Escherichia coli strains are adhesion to gut mucosal cells 
and p r oduction of a stable toxin (ST) (Tzipori et al., 1981) . Several 
studies have examined the pathogenicity of combined rotavirus and ETEC 
infection. Early s tudies indicated that a synergistic effect between 
ETEC and rotavirus caused a sublethal dose of ETEC to become lethal 
(Gouet et al. , 1978). Subsequent studies have indicat ed an additive 
effect rather than synergistic. Tzipori et al. ( 1981 ) infected GN cal ves 
with rotavirus and ETEC at different intervals and found they were able 
to induce diarrhea in cal ves independent of age . Diarrhea appeared 
approximately 3 days after inoculation of ro t avirus , independent of which 
organism had been given fi r st. Diarrhea coincided with the excretion of 
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rotavirus in the feces rather than ETEC. A study by Snodgrass et al . 
(1982) using natural l y derived calves and Torres-Medina (1984) using GN 
calves also supported a synergi stic rather than additive effect. 
Pathological Findings 
By the time rotaviral diarrhea appears, a considerable chain of 
events has already occurr ed in the mucosa of the small intestine. 
Diarrhea itself is large l y a manifestation of the immaturity of the crypt 
enterocytes, which have migrated to replace infected cells on the villi . 
Several investigators have examined the effect of rotaviruses on the 
intestinal mucosa (Mebus et a l ., 1971; Middleton, 1978; Snodgrass et al., 
1982; Torres-Medina, 1984; Pearson et al., 1978; Woode et al., 1974, 
Woode and Crouch, 1978). Histological examination has shown rotavirus 
infection i s limited to the smal l intestine with most infection occurring 
in the ileum (Torres -Medina, 1984; Snodgrass et al . , 1982; Middleton, 
1978; Pearson et al., 1978) although others have reported infection in 
the anterior jejunum and duodenum. Infection is limited to the 
epithelial cells of the absorptive portion of the villus and not crypt 
cells (Woode and Crouch, 1978). Principal lesions seen are villous 
atrophy indicated by club shaped stunted villi and increased numbers of 
round cells in the l amina propria ( Torres -Medina, 1984; Middleton, 1978 ) . 
The lamina propria is infiltrated with mononuclear cells and 
polymorphonuclear leukocytes. Crypts are l engthened and many contained 
mitotic figures (Snodgrass et al., 1982). Following oral inoculation, 
microscopic examination for rotavirus indicates columnar epithelial cells 
over the distal two thirds of the villi of the upper small intestine 
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become infected. Mebus et al. (1971) described a wave of infection 
progressing posteriorly, however, not all studies are in agreement with 
this observation. As the infection proceeds, infected epithelial cells 
move toward the tips of the villi and are lost into the lumen. Migration 
of the new epithelial cells from the base of the villi is not rapid 
enough to keep the tips of all villi covered (Mebus et al., 1971). The 
lost cells are replaced with squamous or cuboidal cells which lack a 
brush border (Middleton, 1978; Crouch, 1985). Enzyme profiles of the 
immature cells at the tips of villi shows a profile similar to that of 
crypt cells which are rich in thymidine kinase rather than sucrose, 
supporting the idea that rotavirus infection accelerates the migration of 
secretory crypt cells to villi which are normally lined by mature 
adsorptive cells. The loss of the adsorptive cells of the small 
intestine and replacement with immature cells is assumed to be 
responsible for the observed malabsorption syndrome (Woode and Crouch, 
1978; Crouch, 1985). Malabsorption is further complicated by the 
decreased ability of the intestine to utilize dietary lactose which 
results in the accumulation in the large intestine. The lactose 
prevents normal absorption of water by exerting an osmotic effect 
(Crouch, 1985; Woode and Crouch, 1978). Others have suggested rotavirus 
induced diarrhea results from a disordered sodium transport system with a 
net extracellular fluid-to-lumen flux of sodium ions (Middleton, 1978). 
If pathogenic &..... coli are present, the altered epithelium and intestinal 
function permits an overgrowth of the bacteria which may explain some of 
the synergistic effect of the two organisms. 
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Dia gnosis and Treatment 
The specific cause of neonatal calf diarrhea is often difficult to 
determine because: (i) several enteropathogens cause similar clinical 
syndromes, (ii) most outbreaks r esult from a combination of 
enteropathogens, ( iii ) the illness has progressed to a stage where the 
probability of isolating the etio l ogic agent(s) has decreased, ( iv) 
sensitive, inexpensive and easy to use diagnostic techniques are not yet 
available for all enteropathogens, (v) enteropathogens can be isolated 
from healthy calves (Radostits and Acres, 1980; Acres et al., 1975; 
House, 1978; Moon et al., 1978). A definitive diagnosis of rotavirus can 
be achieved by: ( i ) demonstrating virions in feces by EM, ELISA , direct 
i solation of the virus in cell culture or demonstration of viral nucleic 
acid by PAGE (Tzipori, 1981; Mebus et al., 1969 ; Herring et al ., 1982); 
( i i) demonstration of typical l esions in the small intestine using 
histochemical sta ins or immunofluorescence (Tzipori, 1981; Woode and 
Bridger, 1975; Morin et al., 1976). 
The treatment of acute neonatal diarrhea includes: (i) isolating 
sick calves from the rest of the herd, (ii) changing the diet , ( iii ) 
replacing fluids and electrolytes, ( iv) administering antimicrobial drugs 
and immunoglobulin, and (v) possible administration of 
antiparasympathomimetics and intestinal protectants (Radostits and Acres, 
1980). I n rotavirus-induced diarrhea, treatment of diarrheic calves 
include isolation of affected calves to prevent the spread of disease, 
changing from a milk diet to ionic solutions , wate r r eplacement, and 
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treatment with bicarbonate (Woode et al., 1975; Radostits and Acres, 
1980). 
Role of Passive Immunity in Rotaviral Infections 
Since rotavirus infection usually strike within the first few weeks 
of life, passively acquired antibodies are the major source of protection 
against rotavirus-induced diarrhea. Calves receive antibodies 
exclusively through colostrum since antibodies are not transferred across 
the placenta in the bovine (Crouch, 1985). In bovine colostrum IgGl 
accounts for 75 to 85% of total Ig's with IgG2, lgM and lgA each 
accounting for 3 to 7% of the total. IgGl, the primary lg present in 
bovine mammary secretions, is selectively transported unchanged from 
blood into lacteal secretions by glandular epithelial cells. Transfer of 
serum IgGl is higher during colostrum formation and decreases during 
lactation. It has been demonstrated that the prevalence of antibodies 
associated with a given lg isotope in mammary secretions closely 
resembles the relative concentration of that isotype in the serum sample . 
In serum, rotavirus antibodies are associated equally with lgGl and lgG2, 
however, due to selective transport, lgGl rotavirus antibodies 
predominate in colostrum and milk (Radostits and Acres, 1980; Saif et 
al., 1984). Colostrum supplies the calf with antibodies which are 
eventually absorbed from the lumen of the intestine and extruded into the 
lymph although colostrum antibodies also function locally in the lumen to 
prevent enteric disease. Maximum absorption of colostrum into the lymph 
occurs during the first 2 to 6 hours after birth which emphasizes the 
importance of early feeding of colostrum (Radostits and Acres, 1980) . 
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Ingestion of colostrum containing rotavirus antibodies during the first 
12 to 24 hours after birth results in local immunity at the epithelial 
surface of the intestine. Humoral antibodies also appear as a result of 
colostral intake but have little effect on the virus (Waltner-Toews et 
al., 1985; Crouch, 1985; Woode, 1978). Several investigators have 
determined that colostral antibody in the gut lumen at the time of virus 
challenge is necessary for protection since circulating antibody affords 
no protection (Mebus et al., 1972; Woode et al., 1975; Snodgrass and 
Wells, 1978). 
Early observations suggested ingestion of antibodies to rotavirus by 
neonates could prevent infection and diarrhea (Bridger and Woode 1976; 
Leece et al., 1976; Snodgrass and Wells, 1978; Fahey et al., 1981). 
Other researchers have shown anti-rotavirus antibodies delay the onset 
but do not prevent the disease (Snodgrass et al., 1980). A possible 
explanation is although antibody titers to rotaviruses are generally high 
in colostrum, titers decline within five days after calving leaving 
calves susceptible to rotavirus infection (Woode et al., 1975 ; Woode and 
Bridger, 1975; Acres and Babiuk, 1978). 
Control of Rotavirus Infection 
Vaccination appears to be the method most likely to control 
rotavirus-induced enteritis in cattle, however, current vaccines do not 
offer complete protection. Two vaccination protocols have been explored 
in attempts to decrease rotavirus-induced diarrhea. The first vaccine 
introduced in 1973 was a modified live bovine rotavirus-coronavirus 
vaccine (Scourvax-Reo, Norden Laboratories, Lincoln NE), given orally to 
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the cal f as soon as poss ible a ft e r bir t h (Anon . 1985). A second modified 
live rotavirus-coronav irus vaccine was introduced in 1979 (CalfGuard) 
which was approved for IM inoculation of pregnant cows. In 1987, Norden 
introduced Sc ourGuard 3 (K) which contained inactivated strains of bovine 
rotavirus and c or onavirus and was adjuvanted. Field trial results using 
the modified live rotavirus vacc ine given orally to calves indicated 
lowe r i nc idence o f diarrh ea i n vaccinated calves (Mebus et al., 1972), 
however, s ubsequent studi es have reported no difference between 
vacc inates and controls (Thurber e t al., 1977; Acres and Radostits, 1976 ; 
DeLeeuw et a l ., 1980). Studies have also indicated poor performance with 
the modifie d live vacc ine give n to pregnant cows (Waltner-Toews et al . , 
198 5) . Examinat i on of serum, co l ostrum and milk indicated no increase in 
rotavi rus a nt i bodies in vac c inated animals (Saif et al . , 1984; Myers and 
Snodgr ass , 1982) . In a s tudy by Saif e t al . ( 1984), us e of an adjuvanted 
rotavirus vacc ine given intramus cularly and intramammarily increased 
ti te r s i n sera, co l ostrum and mi l k significantly . Norden recently 
introduced an adj uva n ted rotavirus vac cine (1989 ) which may increase 
pr otection . 
Th e currently availab l e vacc ine f r om Norde n contains the bovine 
serotype 1 isolate NCDV. Si nce it has been demons trated that at least 
one a ddit i ona l se r otype ex i sts i n the U. S . a nd cross pro t ection between 
al l bovine se r otype 1 iso l ates i s not comple t e (Woode et al., 1983; Woode 
et al. , 1987) the selection of add i t i ona l i solates for us e as vaccine 
candidates should be invest i gated. 
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ANTIGENIC RELATEDNESS AND GENE HOMOLOGY AMONG NCDV, B641, VMRI, AND B223 
STRAINS OF BOVINE ROTAVIRUS 
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Summary 
The antigenic r e l atedness of four bovine rotavirus isolates was 
examined at the antigen i c and mo l ecular level us ing virus neutralization, 
radioimmunoprecipitation and RNA-RNA hybridization. Neutralization tests 
demonstrated that NCDV , VMRI and B641 were serotypically related with 
some antigenic heterogenic ity indicated by homologous-heterologous titer 
ratios. Two way neutra lization tests using reassortant viruses 
containing either gene 4 or gene 9 which code for separate neutralization 
specificities indicated ant i genic differences between the vir uses 
corresponded to VP4. Analysis of radiolabeled viral proteins indicated 
that both mo l ecular weight and ant igenic differences existed between VP4 
of the three se rotype 1 bovine rotaviruses. RNA-RNA hybridization using 
stringency conditions a llowing a base pair mismatch of 21% identified 
thr ee VP4 gene t ypes among bovine rotavirus used in the study . These 
f indings are s i gnificant in deve l oping strategies for rotavirus- induced 
gastroenteritis in cattle as VP4 has been s hown to be an important 
immunogen. 
Introduction 
Rotaviruses have been isolated from humans and most animals 
(reviewed by Estes et al. , 1983) and have been established as an 
impor tant cause of enteric disease in cattle (Mebus et a l ., 1969; Woode, 
1978; Woode and Bridger, 19 75 : Acres and Babiuk , 1978). In the United 
States, at l east two serotypes of bovine rotaviruses have been isolated 
and described with NCDV serving as the prototype bovine rotavirus 
serotype 1 (Mebus et a l., 1969) and 8223 as the prototype bovine 
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rotavirus serotype 2 (Woode et al., 1983 ). In addition to these two 
viruses, several other bovine r otaviruses , including C486 (Babiuk et al . , 
1977), Bl4 (Gaul et al., 1982), 8641 (Woode et al., 1983), ID (Theil and 
McCloskey, 1988) and VMRI (Paul et al., 1988), have been isolated and the 
majority classified as ei ther bovine rotavirus serotype 1 or 2 (Gaul et 
al., 1982; Woode et a l., 1983; Theil and Mccloskey, 1988 ; Paul et al., 
1988). Reports from Engl and (Ojeh et al., 1984), Germany (Brussow et 
al., 1987), and Japan (Murakami et al., 1983) suggest the existence of at 
least two serotypes within each country although the relationship of 
these viruses to the U.S . isolates has not been determined . A majority 
of the isolates have been characterized as either bovine rotavirus 
serotype 1 or 2 based on l ess than a 20- fold difference in virus 
neutralization titers, but differences have been observed in both in · 
vitro neutralization assays and in vivo cross protec tion studies (Woode 
et al ., 1983, Woode et al., 1987; Ojeh et al., 1984; Hoshino et al ., 
1985; Paul et al. , 1988) suggesting antigenic diversity exists among 
isolates belonging to the same serotype. NCDV and the UK bovine 
rotavirus isolates are both classified as serotype 1 (Ojeh et al ., 1984 ; 
Wyatt et al., 1980), but it has been demonstrated that both gene 4 
(Kantharidis et al., 1988) and gene 4 product VP4 ( formerly designated 
VP3, Liu et al., 1988 ) , are different in each virus (Hoshino et al , . 
1985). VP4 is an outer capsid prote in respons ible for hemagglutination 
(Greenberg et al . , 1983; Kalica et al. , 1983), growth restriction in cell 
culture and has been recently shown to play a role in generating 
neutralizing antibodies (Offit and Bl avat, 1986). VP7, encoded by gene 
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segment 8 or 9 depending on the virus strain, is the second outer capsid 
prote i n involved in neutralization , and is the major protein responsible 
for serotype determination (Kalica et al . , 1981; Offit et al., 1986). 
Recently, isolation and partial characterization of a VMRI strain of 
bovine r otavirus was reported and characterized as a bovine rotavirus 
serotype 1, but differences between neutralization titers with homologous 
and he terologous bovine serotype 1 rotavirus isolates suggested some 
antigenic diversity (Paul et al., 1988) . In this study, we examined 
whether the antigenic diversity noted earlie r between NCDV, B641, and 
VMRI i so l ates ( Paul et al., 1988) and lack of cross protection observed 
between NCDV and B641 (Woode et al. , 1983 ) were due to diversity in VP4 
or VP7. 
Materials and Methods 
Viruses 
The rotaviruses used in this study were bovine iso l ates NCDV (Mebus 
et al., 1969 ), kindly supplied by Harry B. Greenberg, Veterans 
Administration Medical Center, Palo Alto, CA; 8641 and 8223 (Woode et 
al., 1983) kindly supplied by Gerald N. Woode, Texas A & M University, 
College Station , TX; and VMRI, isolated from a diarrheic calf from 
Missouri (Paul et al., 1988). Reassortant viruses N4 and N9 (Offit and 
8lavat, 1986) were kindly supplied by Paul Offit, Children's Hosp ital of 
Philadelphia , Philadelphia, PA. An established rhesus monkey kidney cell 
line, MA104, was used to grow all viruses. Cells were cultivated in 
Dulbecco's Modified Eagles Medium (DMEM, Gibco, Grand Island, NY) 
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containing 10% serum supplement (Serum Plus, Hazelton Biologics, Lenexa, 
KS). The viruses were pretreated with 10 ug of trypsin (type IX, Sigma 
Chemical Co., St . Louis , MO) per ml for 30 minutes at 37 C. Virus was 
adsorbed onto cell monolayers for 90 minutes and the monolayers refed 
with DMEM. 
Virus Purification 
Cells infected with rotavirus were frozen and thawed twice, 
extracted with one-fourth volume of trichlorotrifluoroethane (Genetron, 
E. I. duPont de Nemours and Co., Wilmington, DE) and separated into two 
phases by centrifugation. The aqueous phase was collected and pelleted 
through a cushion of 30% sucrose in SO mM Tris HCl (pH 8.0) at 72,000 X g 
for 4 hours. The pellets were resuspended in SO mM Tris HCl (pH 8.0) and 
either frozen or further purified by isopycnic gradient centrifugation in 
a cesium chloride gradient. Gradients were prepared with cesium chloride 
solutions with densities of 1.2 g/ml and 1.4 g/ml containing 5% glycerol 
using a linear gradient maker (Hoefer Scientific Instruments , San 
Francisco, CA ) . Gradients were centrifuged at 112,000 X g for 2 hours 
(Mccrae, 198S) . Visible v iral bands containing double shelled capsids, 
single shelled capsids and empty capsids were collected and diluted in SO 
mM Tris HCl (pH 8.0) and pelleted at 112,000 X g for 1 hour . The pellet 
was resuspended in 50 mM Tris HCl (pH 8.0) and stored at -70 C. 
RNA Extraction and Electrophoresis 
Genomic dsRNA was obtained from infected cell culture or purified 
virus by phenol chloroform extracti on as described previously (Paul et 
al., 1988). Electrophoresis of RNA s egments was performed in 0.7S mm-
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thick polyacrylamide slab gels with 10% resolving and 3.5% stacking gels 
(Laemmli, 1970). Electrophoresis was done at a constant current of 10 mA 
for 15 hrs at 4 C. Gels were stained with silver (Herring et al., 1982) 
or ethidium bromide. 
Antisera 
Antisera were prepared as previously described (Paul et al., 1988). 
Either partially purified virions or cesium chloride purified double 
capsid virions mixed with equal volumes of Freunds complete adjuvant 
(first injection) or Freunds incomplete adjuvant (second injection) were 
used to immunize guinea pigs . Injections were given intramuscularly at 
four week intervals and then guinea pigs were bled and sera titer tested 
using virus neutralization tests . Additional immunizations with virus 
alone were given until high titers (>20,000), were induced, then the 
animals were bled and sera was collected. 
Virus Neutralization 
Neutralization assays were performed by fluorescent focus 
neutralization test (FFN) as previously described (Woode et al., 1987). 
Approximately 200 fluorescent-focus forming units (ffu) of the virus were 
mixed with equal volumes of diluted antisera and incubated for 1 hour at 
37 C. The virus-serum mixture was inoculated into each of 4 wells (0.2 
ml/we ll ) of an MA104 cel l monolayer in a 96 well plate. Ninety minutes 
post infection, the inoculum was replaced with DMEM. At 20 to 24 hours 
post infection, cells were fixed with methanol and stained for rotavirus 
antigen by an indirect immunofluorescence test. The neutralization titer 
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was the reciprocal of the highest dilution of serum that neutralized 50% 
or more of the virus. 
Radiolabeling of Viral Proteins 
MA104 cells were infected with rotavirus as described earlier. 
Seven and one half hours post infection, cell monolayers were rinsed and 
refed with methionine-free (MF) MEM containing 2 . 5 ug/ml actinomycin D 
(Sigma Chemical Co., St . Louis, MO) . Thirty minutes later, the 
monolayers were refed with MF-MEM containing 100 uci/ ml 35s methionine 
(Amersham, Arlington Heights, IL) and actinomycin D. Four hours after 
the addition of the label , the cells were harvested and pelleted. The 
pellet was resuspended in l ysis buffer, (500mM NaCl, 50mM Tris Base, 5mM 
EDTA, and 1% Triton X- 100) lysed at 4 C, and cell debris removed by 
pelleting in a microfuge. Cell lysates were stored at -70 C. Molecular 
weights were calibrated using a mixture of 14c -methylated polypeptides 
(Amersham). 
Radioimmunoprecipitation 
Hyperimmune guinea pig sera was mixed with MA104 cell lysates for 2 
hours and adsorbed onto Protein A sepharose beads for 2 hours (Pharmacia 
LKB, Uppsala, Sweden). The beads were pelleted and resuspended in the 
presence of the radiolabeled viral antigen and mixed overnight at 4 C. 
The beads were washed several times , resuspended in sample buffer (0.125 
Tris -HCl, pH 6.8, 4% SDS , 20% glycerol, 10% 2-mercaptoethanol and 0.5% 
bromphenol blue) boiled for 5 minutes, and analyzed by SOS-PAGE (Laemmli, 
1970) . The gels were f l uorographed, (ENHANCE, NEN Research Products, 
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Boston, MA) dried and exposed to X-OMAT film (Eastman Kodak, Rochester , 
NY) for 24 hours. 
In vitro Transcription 
Rotavirus virions were partially purified as described earlier 
except pellets were resuspended in 50 mM Tris HCl pH 8.0 and 5 mM EDTA . 
The ssRNA transcripts were prepared by a method similar to that described 
by Flores et al. (1982). To generate probes, a 400 ul transcription 
reaction mixture containing approximately 10 ug of virus, 8 mM ATP, 0.5 
mMGTP, 2.5 mM each CTP and UTP; 0 . 5 mM S-adenosylmethionine; 0.1% 
b entonite; 15 mM Magnesium acetate; 70 mM Tris base; 260 mM sodium 
acetate and 32p GTP ( 125-250 uCi per reaction) was incubated for 6 hours 
at 42 C. The dsRNA was r emoved by pelleting the bentonite and the 
supernate containing the ssRNA was extracted with phenol-chloroform and 
precipitated overnight with 2 M LiCl at 4 C. 
Northern Blot Hybridization 
Genomic dsRNA was extracted from partially purified NCDV, VMRI, B641 
and B223 bovine rotaviruses and separated by PAGE (400 ng/lane) as 
described earlier. The gels were stained with ethidium bromide and 
photographed. The dsRNA was electrophorectically transferred to nylon 
membrane (Zeta Probe, Bio-Rad Laboratories, Richmond, CA) according to 
manufacturer's instructions with the following modifications. The dsRNA 
was partially denatured by immersion in 0.1 M NaOH for 5 minutes, 
neutralized and transferred to the nylon membrane at 80V overnight. The 
membranes were air dried, baked for 2 hrs at 80 C and stored at room 
temperature. 
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Two stringencies were used i n the analysis of hybridization between 
corresponding genes of the four bovine strains. Lower stringency 
hybr idization was similar to conditions described by Dimitrov et al. 
(1985). Prehybridization was pe rformed at 65 C for two hours in a 
solution containing 6X SSC (lX SSC - 0.15 M NaCl, 0.15 M sodium citrate) , 
4X Denhardt ' s solution, (lX Denhardt's solution - 0.02% each of bovine 
serum albumin , polyvinylpyrrolidone and Ficoll), 100 mM Tris (pH 8.0), 2 
mM EDTA, 0.1% sodium dodecyl sulfate (SOS) , 200 ug/ml sonicated, 
denatured salmon testes DNA (Sigma Chemical Co.) and 10% deionized 
formamide . Hybridization was performed at 65 C for 18-24 hours in a 
solution (70 -140 ul /cm2 of membrane) of 4X SSC , 2X Denhardt's solution , 
Tri s, EDTA, SOS, DNA, Formamide and 32P-labeled (1.25 -2.5 X 108 cpm/ ml ) 
probe which had been denatured by bo iling for five minutes. After 
hybridization , the filters were washed 3 times in 3X SSC - 0 . 2% SOS, 
twice in l .5X SSC - 0 . 2% SDS and twice in lX SSC at 65 C. Higher 
stringency conditions were adapted from Flores et al. (1986). Membranes 
were prehybridized for two hours at 52 C in a solution containing 2.5X 
SSC, 4X Denhardt's solution, 100 mM Tris pH (8.0) , 2 mM EDTA , 7% SOS, 200 
ug/ ml salmon testes DNA and 50% deionized formamide. Hybridization was 
performed at 52 C for 18 - 24 hours in a solution (70 - 140 ul/cm2 of 
membrane) of 2.5X SSC, 2X Denhardt's solution, Tris, EDTA , SOS, salmon 
testes DNA, 50% formamide and 32P-labeled (1 .25 - 2.5 X 108 cpm/ml) probe 
which had been denatured by boiling for five minutes . Following 
hybridization, membranes were washed four times at room t emperature in lX 
SSC - 0 . 1% SDS , twice in 2X SSC - 0.1% SDS, and twice in l X SSC at 52 C. 
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The filters were kept mo ist and exposed to X-OMAT film (Eastman Kodak 
Co., Rochester, NY). 
Under conditions of l ower stringency (65 C, 4X SSC), the effective 
hybridization temperature was TM (RNA) - 34 C while using conditions of 
highe r stringency ( 52 C, 2.5X SSC, 50% formamide) the effective 
hybridization temperature was TM (RNA) - 29 C. 
Results 
Antigenic Relatedness 
Neutralization titers of hyperimmune antisera are given in Table 1. 
Cross-neutralization tests with hype rimmune antisera to the three viruses 
demonstrated that NCDV, VMRI and 8641 belong to the same serotype; 
however, 2- to 13-fold differences be tween homologous and heterologous 
titers suggest some antigenic differences exist between the viruses. 
Since two proteins VP7 and VP4 are involved in neutralization , two way 
cross neutralization with genetic r eassortant viruses containing either 
NCDV VP7 (N9) o r VP4 (N4) we r e performed to determine whether VP7 or VP4 
differed among these viruses. Homologous:heter logous titers ranged from 
.5 to 1 for N9 sera when titrated against the three bovine serotype 1 
vi ruses (Table 2). If 20 -fold differences are required to define 
sero types, these v iruses would then belong to the same serotype. 
Comparison of the three viruses by reciprocal cross neutralization with 
N4 sera indicated NCDV differed from VMR I a nd 8641 with 
homologous:heterologous titer ratios ranging from 4 to >1000 demon-
strating VP4 of VMRI and 8641 is antigenica lly distinct from NCDV VP4. 
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Table 1. Antigenic relatedness among bovine rotavirus strains using virus neutralization 
Neutralization titer with bovine rotavirus strainsa 
Serum 
NCDV VMRI B641 N4 N9 
Virus 1 2 1 1 2 1 2 1 2 
NCDV 32,000 22.600 15,885 8,038 565 5,024 5,024 22,600 45,201 
VMRI 16,000 16,000 68,086 22,600 5,650 1,280 5,640 22, ooo- 22,600 
B641 12,708 12,708 31,770 11.721 45,201 <40 <40 22,600 45,201 
N4 508 502 5,024 100 <100 45.201 22.600 <100 <100 
N9 11,300 6,400 8,000 22,600 45,201 <40 <100 12 , 708 22.60Q 
aReciprocal of dilution giving 50% reduction in fluorescing foci. 
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Table 2. Ratios of homologous:heterologous neutralization titersa 
Serum 
NCDV VMRI B641 N4 N9 
Virus 1 2 1 1 2 1 2 1 2 
NCDV 1 1 4.3 1.45 80 9 4.5 .5 .5 
VMRI 2 1.4 1 .5 8 35 4 .6 1 
B641 2.5 1.8 2.14 1 1 >1,000 >565 .5 .5 
N4 63 45 13 >100 >450 1 1 >450 >226 
N9 2.8 .4 8.5 .5 1 >1,000 565 1 1 
aTiter of serum with homologous virus/titer of serum with heterologous virus. 
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Comparison of Viral Proteins 
Viral proteins from each virus were radiolabeled in the presence of 
35s-methionine and analyzed by SDS-PAGE. Eight proteins were detected 
with calculated molecular weights of 98,000 (VPl), 87,000 (VP2), 82,000 
(VP4), 78,000 (VP4*), 57,000 (VP5), 43,000 (VP6), 35,000 (VP7a), 33,000 
(VP7b) and 24,000 (VP8) (Fig. 1). The molecular weight of the rotavirus 
polypeptides were determined by running labeled molecular weight markers 
of the same gel. In the calculation of molecular weight, a linear 
relation between log (molecular weight) and relative mobility is assumed. 
The relative mobility is defined as the ratio of the distance moved by 
the protein to the distance moved by the bromophenol blue marker. The 
coefficient r for the linear regression of the molecular weight markers 
was between 0.9936 and 0.9897 for different electrophoresis of the 
proteins. 
The VP4 of VMRI and 8641 migrated faster than the VP4 of NCDV and 
therefore the term VP4* was assigned to indicate the faster migrating 
8P4. Two proteins were labeled in the VP7 region and were assigned VP7a 
and VP7b. 
Radioimmunoprecipitation (RIP) using hyperimmune antisera was used 
to analyze the antigenic compos i tion of the r adiolabeled viral proteins 
(Fig. 2). Antisera to NCDV immunoprecipitated a protein in the VP4 
region of VMRI and 8641 while reacting with possibly two proteins of 
NCDV. Immunoprec ipitation with VMRI antisera indicated a molecular 
weight difference of 4 Kd in the VP4 region of VMRI and B641 compared to 
NCDV. The data suggest homologous antisera and virus combinations 
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recognize two proteins in the VP4 region while heterologous combinations 
imrnunoprecipitate a single protein. Antisera to B641 precipitated the 
faster migrating protein of B641 and VMRI in the VP4 area while 
recognizing the slower migrating protein of NCDV. Immunoprecipiation 
data suggested some antigeni c differences existed between VP4 of NCDV, 
VMRI and B641 and indicated that VP4* of VMRI and B641 are more closely 
related to each other than to VP4 of NCDV. The extent of antigenic 
heterogenicity could not be determined using RIP. 
Gene Segment Homology Among Bovine Rotaviruses 
Genetic relatedness among the four bovine rotaviruses was examined 
by Northern blot RNA-RNA hybridization. The radiolabeled ssRNA probes of 
NCDV and VMRI were hybridized to homologous viral RNA, RNA from 
additional bovine rotavirus serotype 1 isolate B641, and RNA from the 
bovine rotavirus serotype 2 i solate (B223). Using conditions of l ower 
stringency which allowed a base pair mismatcn of 24% (65 C, no 
formamide), NCDV and VMRI probes hybridized to all segments of both 
viruses with a slightly weaker hybridization to heterologous gene 4. 
Using the lower stringency conditions, differences between gene 4 of NCDV 
and VMRI were not clearly evident (data not shown). Increasing the 
conditions of stringency (52 C, 2.5X SSC, 50% formamide) decreased t he 
allowable base pair mismatch to 21%. Using these conditions , NCDV probe 
hybridized to all segments of homologous NCDV RNA and all heterologous 
gene segments except gene segment 4 of VMRI and B641 (Fig. 3). NGOV 
probe hybridized to heterologous B223 gene segments with the exception of 
gene 4, gene 5 and gene 9. VMRI probe hybridized to all segments of 
Fig . 1 . Polyacrylamide gel electrophoresis of 14c-labeled molecular 
weight standards (lanes 1 and 6) and 35s-methionine labeled 
polypeptides of bovine rotavirus strains NCDV (lane 2), VMRI 
( lane 3), B641 (lane 4 ) and B223 (lane 5) 
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Fig. 2. Irnrnunoprecipitation of 35s-rnethionine labeled bovine 
rotavirus infec ted MA-104 cell lysate with NCDV 
hyperirnrnune antisera (Panel A), VMRI hyperirnmune 
antisera (Panel 8) and 8641 hyperirnrnune antisera (Panel 
C). Control uninfected MA-104 cell lysate (lane 1), 
NCDV infected c ell lysate (lane 2), VMRI infected cell 
lysate (lane 3), 8641 infected cell lysate (lane 4) and 
8223 infected cell lysate (lane 5) 
12 345 1 2345 12345 
VP4.. • 
A B c 
Fig. 3 . Northern blot hybridization of dsRNA preparations at 52 
c, 50\ forrnamide. Panel A: UV light photography of gels 
after ethidiurn bromide staining. Panel B: Autoradiogram 
after hybridization to NCDV probe. Panel C: 
Autoradiogram after hybridization to VMRI probe. NCDV 
(lane 1), VMRI (lane 2), 8641 (lane 3) and 8223 (lane 4) 
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VMRI , 8641, and NGOV except gene 4 segment of NGOV under conditions of 
high stringency. As observed with the NGOV probe, the VMRI probe 
hybridized to 8 segments of 8223 with no apparent hybridization to gene 
segments 4, 5, and 9. 
Discussion 
We had previously shown that antigenic differences exis ted between 
serotype 1 bovine rotaviruses (Paul et al., 1988). The present study 
used reassor tant v iruses , radioimmunoprecipitation and RNA-RNA 
hybridization to further examine antigenic differences between bovine 
rotav iruses. Data from the study suggest NGOV, VMRI and B641 (bovine 
serotype 1 rotaviruses) share a common VP7 type but have distinct VP4 
types. Analysis of neutralization and radioimmunoprecipitation data from 
serotype 1 bovine rotaviruses indicated 8641 and VMRI are antigenically 
more related to each other than to the prototype strain NGOV bovine 
serotype 1 rotavirus. Neutralization results using NGOV VP4 specific 
antisera suggested VP4 was responsible for the neutralization differences 
between the three viruses. Other investigators have demonstrated 
neutralization difference s occur between viruses containing identical 
gene 9 segments and different gene 4 segments (Hoshino et al., 1985; 
Hoshino et a l., 198 7). In view of the recent evidence that VP4 plays a 
role in determining serotype specificity, ability to generate 
neutralizing ant ibodies and passive protection of mice agai nst rotavirus 
challenge (Hoshino et al., 1985; Offit and 8lavat 1986; Hoshino et al. , 
1988; Offit e t al. , 1986) evidence for VP4 antigenic diversity within a 
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serotype could influence vaccine deve lopment. From this study it appears 
B641 and VMRI VP4* and NGDV VP4 are antigenically distinct which offers a 
poss ible explanation for t he results of a cross protection study by Woode 
et al. (1983) . In the l ater study, calves were orally vaccinated with 
NGOV then challenged with the serotypically related bovine rotavirus 
B641 . Unexpectedly, calves developed diarrhea and excreted virus. Lack 
of antibodies directed to the common VP7 could be one explanation for the 
lack of cross protection since it has been demonstrated that 80% of the 
serum neut r alizing antibodi es detected f ollowing r o t avirus infection of 
adult volunteers are directed toward the VP4 protein (Ward et al., 1988) . 
Gonvelascent antisera from the calves indicated similar titers to both 
NGOV and B641, however, it was not determined to what protein the 
antibodies were directed. VP4 plays an important role in inducing 
neutralizing response after oral infection as opposed to systemic 
immunization (Shaw et al. , 1987 ). In comparison , hyperimmune antisera 
prepared by systemic immunization contains antibodies to both VP4 and 
VP7. 
In contrast , challenge studies in calves and mice using bovine 
rotavirus is olates NGDV and UK, wh i ch share a common VP7 but have a 
distinct VP4, resulted in cross protection (Offit et al., 1986; Woode et 
al., 1978). In addition reassortant viruses containing VP4 and VP7 from 
ser ologically distinct viruses have been used to vacc inate and protect 
animals from challenge to both serotypes (Hoshino et al., 1988; Offit et 
al., 1986 ). The inability of NGOV to fully protect against challenge 
from a ser otypically related vi rus may suggest B641 may represent a 
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unique isolate and perhaps offer an explanation for outbreaks of 
rotavirus in vaccinated herds. 
RNA-RNA hybridization was used to examine the extent of gene segment 
homology among four bovine rotaviruses. In the present study the percent 
base pair mismatch allowed under the different hybridization stringencies 
was calculated from the equation Tm(RNA) - 79.8 + 18 .5(logM) + 58.4(HG) 2 
-0.35 (% formamide) where Mis the Na+ molarity and HG as the guanine-
plus-cytosine content expressed as a fraction; a value of 0.43 was used 
in our calculations (Flores et al ., 1982). At low stringency conditions, 
(65 C, 4X SSC, 0 formamide) the allowable base pair mismatch is 26% and 
extensive cross hybridization among strains was evident. Increasing the 
stringency (52 C, 2.SX SSC, 50% formamide) decreased the allowable base 
pair mismatch to 21% eliminated cross hybridization at gene 4 although 
probes remained specific for gene 9 across the three serotype 1 
rotaviruses. Using conditions of high stringency three distinct gene 
segment 4 types were differentiated with two types associated with 
serotype 1, and a second type associated with serotype 2. At least three 
different VP4 genes have been reported among the human rotaviruses and 
sequence analysis has indicated one VP4 type is associated with human 
serotype 1,3 and 4 while the second type is assoc iated with human 
serotype 2 (Gorziglia et al., 1988). 
Under both stringency conditions no homology was seen between 
serotype 1 NCDV and VMRI gene 9 and B223 serotype 2 gene 9 suggesting 
gene 9 codes for VP7 in B223. This observation was facilitated by the 
separation of gene 9 from 7 and 8 in B223. In addition to gene 4 and 9, 
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gene 5 also failed to hybridize to either serotype 1 probe suggesting 
diversity may ex i st in other gene segments. 
The M'W estimates of the rotavirus proteins are intended to 
illustrate relative differences and not absolute values. The estimated 
M'W was the mean of three gels. Our results are in c l ose agreement with a 
previous report which had used similar conditions with variations + 5000 
(Novo and Esparza 1981). Results from both protein gels and RIP 
indicated NCDV VP4 and VP4 of VMRI and B641 differed in M'W by 4kDa and 
therefore was designated VP4*. RIP data suggested the proteins were 
antigenically diffe r ent which further supported the NT data. Recent 
sequencing data has indicated gene segment 4 is 2359 -2362 bases in length 
and codes for a protein 775-776 amino acids in length (Kanthar idis et 
al., 1988; Gorziglia et al . , 1988). In our study gene 4 of NCDV migrated 
farther than gene 4 of VMRI and B641 but VP4* migrated f arther than NCDV 
VP4. Sequencing of the different bovine gene 4 segments will play a role 
in classifying VP4 and determine differences which may lead to 
identification of serotypic sequences which will be important in 
classifying VP4. 
The presence of several distinct VP4 types in different bovine 
rotavirus strains of the same serotype may greatly influence future 
vaccine strategies. The finding that VP4 codes for neutralization 
specificities that may influence immunity and neutralization titers 
suggest a better understanding of VP4 is necessary and could lead to a 
dual classification system for rotaviruses based on VP4 and VP7 as 
suggested by Hoshino et a l . (1985). The prevalence of differ ent VP4 
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t ypes needs to be de te r mined as will be essential in developing improved 
vaccines. 
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SUMMARY AND CONCLUSIONS 
Neonatal calf scours r ema ins a significant problem even in 
vaccinated herds . One exp l anation for the lack of protection afforded by 
the vaccine may be antigenic diversity in field strains of bovine 
rotavirus . In the preceding study, antigenic diversity among four bovine 
rotavirus i solate s was examined by virus neutralization with hyperimmune 
antisera, r ad i oimmunopr ec ipitation using radiolabeled viral proteins and 
hyperimmune antisera and gene segment homo logy using Northern blot 
hybridization. 
Results from the experiments indicated antigenic, as well as 
molecular, diversity exists between bovine rotavirus strains. Virus 
neutralization test r esul ts indicated sl ight antigenic variation occurs 
in isolates of the same serotype. Use of hyperimmune sera directed to 
each of the outer capsid proteins involved in neutralization indicated 
VP4 was re sponsib le for the an tigenic variation. Examination of the 
radiol abeled proteins indicated VP4 differed in size among serotype 1 
isolates and reactions with hyperimmune antisera further correlated 
ant i genic differences with VP4. Northern blot hybridization determined 
at least three dist i nct gene 4 segments existed among the four bovine 
isolates. These finding may have important implications in future 
vaccine deve l opment and development of a dua l system of classifica tion 
involving both rotavirus outer caps id proteins VP4 and VP7 . 
71 
LITERATURE CITED 
Acres, S . D., and L. A. Babiuk. 1978. Studies on rotaviral antibody in 
bovine serum and lacteal secretions, using radioimrnunoassay. J. Am. 
Vet. Med. Assoc. 173: 555 - 559. 
Acres, S. D., and 0. M. Radostits. 1976. The efficacy of a modified live 
neo-like virus vaccine and an .&...._ coli bacteria for prevention of acute 
undifferentiated neonatal diarrhea of beef calves. Can. Vet . J. 
17:197 -212 . 
Acres, S. D., C. J. Laing, F. R. Saunders, and 0. M. Radostits . 1975. 
Acute undifferentiated neonatal diarrhea in beef calves I. Occurrence 
and distribution of infectious agents. Can. J. Comp . Med . 39:116-132. 
Adams, W. R., and L. M. Kraft. 1963. Epizootic diarrhea of infant mice: 
Identification of the etiologic agent. Science 141:359-360. 
Albert , M. J. , L. E. Unicomb, and R. F. Bishop. 1987. Cultivation and 
characterization of human rotaviruses with "supershort" RNA patterns. 
J. Clin. Microbial. 25:183-185. 
Allen, S., J. Mitchell, W. Jones, and M. Quinn. 1989. A novel bovine 
rotavirus electropherotype from outbreaks of neonatal diarrhea in Utah 
beef he rds . J. Vet. Diag. Invest. 1:74-75. 
Anon. 1985. Scours diseases. Major Cow-calf diseases. Norden 
Laboratories, Lincoln, Nebr. 22 -29. 
Babiuk , L. A., D. Mohammed, L. Spence., M. Fauvel, and R. Petro. 1977. 
Rotavirus isolation and cultivation in the presence of trypsin. J. 
Clin. Microbial. 6:610-617. 
Barnett, B. B. , R. S. Spendlove, and M. L. Clark. 1979. Effect of 
enzymes on rotavirus infectivity. J. Clin. Microbial. 10:111-113. 
Bastardo, J., W. McKimm-Breschkin, J. L. Sonza, and L. D. Mercer. 1981. 
Preparation and characterization of an antisera to electrophorectically 
purified SAll virus polypeptides. Infect. Immun. 34:641-647. 
Bellinzoni, R. C., N. Mattion, J . L. LaTorre, and EA. Scodeller. 1987. 
Incidence of rotavirus in beef herds in Argentian. Res. Vet. Sci . 
42:257-259. 
Benfield, D~ A., I. J. Slotz, E. A. Nelson, and K. S. Groon. 1984. 
Comparison of a commercial enzyme-linked immunosorbent assay with 
electron microscopy, fluorescent antibody, and virus isolation for the 
detection of bovine and porcine rotavirus . Am. J. Vet. Res. 45:1998-
2002. 
72 
Bis ha i, F. R. , P. Blaskovi c , and D. Goodwin . 1978. Physiochemical 
proper t i es of Neb r aska calf diarrhea virus hemagglutinin. Can . J . 
Microbio l . 24: 1425-1430 . 
Bishop, R. F., G. P . Davidson, I . H. Holme s , and B. J . Ruck. 1973 . Virus 
partic l es i n epithelial cells of duodenal mucosa from children with 
v i ral gas t roen t e r itis. Lance t 2: 1281-1283. 
Bishop, R. F . , G. L . Ba r nes, E. Cipriani, and J. S . Lund . 1983. Clinical 
i mmunity afte r neonatal rotavirus infection . A protective longitudinal 
study i n young children. N. Engl . J . Med. 309 : 72-76 . 
Bohl , E. H., L. J. Saif, K. W. Theil , A. G. Agness, and R. F. Cross. 
1982. Porcine pararotavirus:detect i on, diffe rentiation from rotavirus 
and pathogenes i s in gnotobiot i c pigs. J. Clin . Microbiol. 15:312-319 . 
Both, G. W., J. S . Mattick, and A. R. Bellamy. 1983 . Serotype-specific 
gl ycop r otein of simian 11 rotaviruses: coding assignment and gene 
sequence. Proc. Nat l . Acad. Sc i . USA 80:3091- 3095 . 
Brandt , C. D., H. W. Kim , W. J. Rodriquez , L. Thomas, R. H. Yolken, J . 0 . 
Arrob i o, A. Z. Kapikian , R. H. Parrott , and R. M. Chanock . 1981. 
Co mparison of direc t e l ectron mi c r oscopy, immune electron microscopy , 
and r otavirus enzyme -linked i mmunos orbent assay for detection of 
gastr oen teritis v i rus i n children. J. Clin. Microbiol. 13 : 976-981. 
Br idger; J. C. 
r otaviruses. 
1978. Location of type-spec ific antigens in calf 
J . Clin . Microbio l . 8 : 625 - 628 . 
Br idger, J. C. 1980. Detection by electron mi croscopy of caliciv iruses , 
astroviruses and rotavirus-like par ticles i n the f aeces of piglets wi th 
diar r hoea. Vet. Rec. 107:532-533. 
Bridger, J . C., and G. N. Woode . 1976. Cha r acteriza tion of two particle 
types of cal f r otavirus. J . Gen . Vi rol . 31 :245- 250. 
Bridger, J. C., I. N. Clark, and M. A. Mccr ae . 
an antigenically distinct porcine ro t avi rus. 
1062. 
1982. Charac t erization of 
I nfec t. Immun. 35 : 1058-
Brown, D. W. G. , G. M. Beards, C. Guang-Mu, and T. H. Flewe tt. 1987 . 
Prevalence of antibody to group B (Atyp i cal) r otavirus in humans and 
an imals . J. Cl in. Microbiol. 25:316 - 319. 
Brussow, H. , S. Mar c -Mart i n , W. Eichhorn , J . Si doti , and V. Fryder. 1987 . 
Character i zation of a second bov ine r o t avirus s e r o t ype . Arch . Virol . 
94:29 - 41 . 
73 
Burns, J. W., H. B. Greenberg, R. d. Shaw, and M. K. Estes . 1988 . 
Functional and topographical analyses of epitopes on the hemagglutinin 
(VP4) of the simian rotavirus SAll . J. Virol. 62:2164-2172. 
Carpio, M., J. E. C. Bellamy, and L. A. Babiuk . 1981. Comparative 
virulence of different bovine rotavirus isolates. Can. J . Comp. Med. 
45 : 38-42. 
Chan W.-K., M. E. Penaranda, S. E. Crawford, and M. K. Estes. 1986 . Two 
glycoproteins are produced from the rotavirus neutralization gene. 
Virology 151:243 - 252. 
Chasey, D., and P. Davies. 1984. Atypical rotaviruses in pigs and 
cattle. Vet. Rec. 114:16-17. 
Chasey, D., J. C. Bridger, and M. A. Mccrae. 1985. A new type of 
atypical rotavirus in pigs. Arch. Virol. 114:16-17. 
Clark, H. F., Y. Hoshino, L. M. Bell, J. Groff, G. Hess, P. Bachman, and 
P. A. Offit . 1987. Rotavirus isolate WI61 representing a presumptive 
new human serotype . J. Clin. Microbiol. 25:1757- 1762. 
Clark, I. N., and M. McCrae. 1983. The mo l ecular biology of rotaviruses 
VI. RNA species specific terminal conservation . J. Gen . Virol . 
64:1877 - 1884. 
Clark, S. M., B. B. Barnett, and R. S. Spendlove. 1979. Production of 
high-titer bovine rotavirus with trypsin. J. Clin . Microbiol . 9:413-
417. 
Cohen, J. 1977. Ribonucleic acid polymerase activity associated with 
purified calf rotavirus. J . Gen. Virol. 36:395-402. 
Coulson, B. S., K. J. Fowler, R. F. Bishop, and R. G. H. Cotton . 1985. 
Neutralizing monoclonal antibodies to human rotavirus and indications 
of antigenic drift among strains from neonates. J . Virol. 54:14-20. 
Coulson, B., L. E. Unicomb , G. A. Pitson, and R. F. Bishop. 1987. Simple 
and specific immunoassay us ing monoclonal antibodies for serotyping 
human rotaviruses. J. Clin. Microbiol. 25:509-515. 
Crouch, C. F. 1985. Vaccination against enteric rota and cor onaviruses 
in cattle and pigs: Enhancement of lactogenic immunity. Vaccine 
3:284-291. 
Cukor, G., and N. R. Blacklow. 1984. Human viral gastroenteritis . 
Microbiol. Rev. 48:157 -179. 
74 
DeLeeuw, P. W. , D. J. Ellens, F. P. Tulmon, and G. N. Zimmer. 1980 . 
Rotavirus infections in calves: efficacy of oral vaccination in 
endemicall y infected herds. Res. Vet. Sci. 29:142-147. 
Dimitrov, D. H., D. Y. Graham, and M. K. Estes. 1985. Detection of 
rotavirus by nucleic acid hybridization with cloned DNA of simiam 
rotavirus SAl l genes. J. Infect. Dis. 152 :293-300. 
Dyall-Smith, M. L., and J. H. Holmes. 1981. Gene coding assignments of 
rotavirus double -stranded RNA segments 10 and 11. J. Viro l . 38:1099-
1103. 
Dyall-Smith, M. L., A. A. Azad, and I. H. Holmes. 1983. Gene mapping of 
rotavirus double -stranded RNA segments by Northern blot hybr idization : 
application to segments 7, 8 and 9 . J . Virol. 46:317-320. 
Dyall - Smith, M. L., I. Lazdins, G. W. Tregear, and I. H. Holmes . 1986 . 
Location of the major antigenic sites involved in rotavirus serotype-
specific neutralization. Proc. Natl. Acad. Sci. USA 83:3465-3468. 
Espejo, R. T., S. Lopez , and C. Arias. 1981. Structural polypeptides of 
simian rotavirus SA-11 and the effect of trypsin. J. Virol . 37:156-
160 . 
Estes, M. K., D. Y Graham, E. M Smith, and C. P. Gerbu . 1979. Rotavirus 
stability and inactivation. J. Gen . Virol. 43:403-409. 
Estes, M. K., D. Y. Graham, and B. B. Mason. 1981. Proteolytic 
enhancement of rotavirus infectivity: Molecular mechanisms. J. Virol . 
39:879-888. 
Estes, M. K., E. L. Palmer and J. F. Ob ijeski. 1983 . Rotaviruses: A 
review. Curr. Top. Microbiol. Immunol. 105:124-184. 
Fahey, K. J., D. R. Snodgrass, I. Campbe ll, A. McL. Dawson , and C. 
Burrels. 1981 . IgG1 ant ibody in milk protects lambs against rotavirus 
diarrhoea. Vet . Immunol. and Immunopathology 2:27-3 3 . 
Flewett, T . H., and G. N. Woode. 1978. The rotaviruses. Arch . Virol. 
57 :1-25. 
Flewett, T. H., A. S. Bryden, H. A. Davies, G. N. Woode, J. C. Bridger, 
and J. M. Derrick. 1974. Relation between viruses from acute 
gastroenteritis of children and newborn calves. Lancet 2:61 - 63. 
Flewett, T . H., A. S. Bryden, and H. Davis. 1975. Virus diarrhoea in 
foals and other animals. Vet. Rec. 97:477. 
75 
Flores, J ., Y. Hoshino, E. Boeggeman, R. Purcell, R. M. Chanock, and A. Z. 
Kapikian. 1986a . Genetic relatedness among animal rotaviruses . Arch. 
Virol. 87:273-285. 
Flores, J., K. Midthun , Y. Hoshino, K. Green, M. Gorziglia, A. Z. , 
Kapikian , and R . M. Chanock. 1986b. Conservation of the fourth gene 
among rotaviruses recovered fr om asymptomatic newborn infants and its 
possible role in attenuation. J. Virol . 60:972-979. 
Flores, J., J. Myslinski, A. R. Ka lica, H. B. Greenberg, R. G. Wyatt, A. 
Z. Kapikian, and R.M. Chanock. 1982. In vitro transcription of two 
human rotaviruses. J. Viro l . 43:1032-1037. 
Flores , J. , E . Boeggeman, R. H. Purcell, M. Sereno, I. Perez, L. White, R. 
G. Wyatt, R. M. Chanock, and A. Z. Kapikian . 1983. A dot 
hybridization assay for detection of rotavirus. Lancet 1:555-559. 
Flores , J., K. Y. Green, D. Ga r cia, J. Sears , I. Perez-Schael, L. F . 
Avendano, W. B. Rodriquez, K. Taniguchi, S. Urasawa, and A. Z. 
Kapikian. 1989. Dot hybrid i zation assay for distinction of rotavirus 
serotypes. J. Clin . Microbiol. 27:29-34. 
Fukuhara, N., 0. Yoshie, S. Kitaoka , and T. Konno . 1988. Role of VP3 in 
human rotavirus internalization after target cell attachment via VP7 . 
J. Viro l . 62 : 2209 - 2218. 
Gaul, S. K., T. F. Simpson, G. N. Woode, and R. W. Fulton. 1982. 
Antigenic r elationsh ips among some animal r otaviruses: Virus 
neutralization in vitro and cross -protection in piglets . J. Clin . 
Microbiol. 16:495-503 . 
Glass, R. I., J. Keith, 0. Nakagomi, T. Nakagomi, J. Askaa, A. Z. 
Kapikian , R. M. Chanock, and J. Flores. 1985 . Nucleotide sequence of 
the structural glycoprotein VP7 gene of Nebraska calf diarrhea virus 
rotavirus : Comparison with homologous genes from f our strains of human 
and animal rotaviruses. Virology 141:292-298. 
Gorziglia, M., Y. Aguirre, Y. Hoshino, J. Esparaza, I. Blumentals, J. 
Askaa, M. Thompson, R. I. Glass, A. Z. Kapikian and R. M. Chanock. 
1986 . VP7 Serotype-specific glycoprote in of OSU porcine Rotavirus : 
Coding Assignment and Gene Sequence. J. Gen. Virol. 67:2445 - 2454. 
Gorziglia, M., K. Green, K. Nish i kawa, K. Tani guchi, R. Jones, A. Z. 
Kap i kian , and R. M. Chanock. 1988. Sequence of the fourth gene of 
human r otaviruses recovered from asymp tomatic or symptomatic 
infections . J. Virol . 62:2978 - 2984. 
76 
Gouet, P., M. Contrepois, H. C. Dubourguier, Y. Riou, R. Scherrer, J. 
Laporte , J. F. Vautherot, J. Cohen, and R. L. Haridon. 1978 . The 
experimental production of diarrhoea in colos trum deprived axenic and 
gnotoxenic calves with enteropathogenic Escherichia coli, rotavirus , 
coronavirus and in a combined infection of rotavirus and Escherichia 
coli. Ann. Rech. Vet. 9:433-440. 
Graham, D. Y., and M. K. Estes. 1980. Proteolytic enhancement of 
rotavirus infectivity: Biologic mechanisms. Virology 101:432-439. 
Green, K. Y., K. Midthun, M. Gorziglia, Y. Hoshino, A. Z. Kapikian, R. M. 
Chanock, and J. Flores. 1987. Comparison of the amino acid sequences 
of the major neutralization protein of four human rotavirus serotypes. 
Virology 161:153-159. 
Green, K. Y. , 
Gorziglia, 
J. Flores . 
nucleotide 
Press) 
J. F. Sears, K. Taniguchi, K. Midthun , Y. Hoshino, M. 
K. Nishikawa, S. Urasawa, A. Z. Kapikian, R. M. Chanock, and 
1989a. Prediction of human rotavirus serotype by 
sequence analysis of the VP7 protein gene. J. Virol. (In 
Green, K. Y., Y. Hoshino, and N. Ikegami . 1989b. Sequence analysis of 
the gene encoding the s erotype -specific glycoprote in (VP7) of the two 
new human rotavirus serotypes. Virology 168:429-433. 
Greenberg, H. B., V. McAuliffe, J. Valdesuso, R. Wyatt, J. Flores, A. 
Kalica, Y. Hoshino, and N. Singh. 1983a . Serological analysis of the 
subgroup protein of rotavirus , using monoclonal antibodies. Infect. 
Imrnun. 39:91 - 99. 
Greenbe rg, H. B., J. Flores, A. R. Kalica, R. G. Wyatt, and R. Jones. 
1983b. Gene coding assignments for growth restriction, neutralization 
and subgroup specificities of the W and DS-1 strains of human 
rotavirus . J. Gen. Viro l . 64:313-320. 
Greenberg, H. B., J. Valdesuso, K. van Wyke, K. Midthun, M. Walsh, V. 
McAuliffe, R. G. Wyatt, A. R. Kalica, J. Flores, and Y. Hoshino. 
1983c. Production and preliminary characterization of monoclonal 
antibodies directed at two surface proteins of rhesus rotavirus. J. 
Virol. 47:267-275. 
Gunn , P. R., F. Sato , K. F. H. Powell, A. R. Bellamy, J. R. Nap ier, P. R. 
K. Ha rding, W. S. Hancock, L. J. Liegman, G. W. Both. 1985. Rotavirus 
neutralizing protein VP7: Antigenic determinants investigated by 
sequence analys is and peptide synthesis. J. Virol . 54:791-797. 
77 
Hammami , S., M. M. Sawye r , A. E. Castro, C. A. Hol mber g , and B. I . Osburn . 
1989 . De t ec tion of rotavirus in f ecal samples from calves by cell 
culture indirect immunofluorescence, an Ag-capt ure ELISA, a tis sue 
cultur e ELISA, and a comme r c i a l Ag-captur e ELISA. J . Vet. Diagn. 
Inves t. 1: 72 -7 3 . 
Heath , R. , C. Birch, and I. Gus t. 1986. Antigenic analysis of rotavirus 
i s ol a tes us ing monocl ona l an t ibodi es specific for human serotype s 1 , 2, 
3 and 4 and SAll. J . Gen . Virol . 67 : 2455-2466. 
Herr i ng , A. J ., N. F . Inglis , C. K. Ojeh, D. R. Snodgr ass, and J . D. 
Menaies. 198 2. Rapid diagnos is of rotavirus infection by direct 
detec tion of v ira l nuc leic ac id i n silver - stained po l yacry l amide gels. 
J. Clin. Microbiol . 16: 473 -477. 
Hol mes , I. H. 1983. Rotaviruses . Pages 359 -423 i n W. K. J okl ik, ed . 
The Reov iridae . Ple num, New York. 
Hoshino , Y. R. G. Wyatt, H. B. Greenbe rg , J. Flores, and A. Z. Kapikian . 
1984. Se r otypic s imilari ty and dive r sity of rotavirus of mammalian and 
avian origin as studied by p laque-reduc tion neutral izati on . J . Infect . 
Dis. 149 : 694 - 702. 
Hoshino , Y. , M. M. Sereno, K. Midthun, J . Flores , A. Z. Kap i k i an, and R. M. 
Chanock . 1985 . I ndependent segr ega tion of two antigenic specifici t i es 
(VP3 and VP7) invo l ved in neutraliza t i on of rotavirus infectivity . 
Proc. Na t l . Acad. Sc i . USA 82:8701-8704. 
Hoshino , Y. , M. M. Se r eno , K. Midthun , J . Flo r es, R. M. Chanock, and A. Z 
Kap i kian . 1987 . Ana l ys i s by plaque r educt i on neut r alizat ion assay of 
intertypic rotaviruses suggests that gene r eassortment occur s in v i vo. 
J. Cl i n. Mi crobi ol . 25:290 - 294. 
Hoshino, Y. , L . J. Sa i f, M. M. Sereno, R. M. Chanock , and A. Z. Kapiki an. 
1988. Infection immunity of pigl ets t o e ithe r VP3 or VP7 outercapsid 
pr ote in confers resistance to chal lenge with a virulent r otavir us 
bearing t he co rresponding ant i gen. J. Vi r ol . 62: 744-748. 
House, J. A. 1978. Economic impact of r otavi rus and other neonata l 
disease agents of an i ma l s. J. Am. Ve t . Med. As soc. 173:573-576 . 
Hung, T . G. , G. Chen , C. Wang, H. Yao, Z. 
Chang , S. De n , S . Liong, and W. Chang . 
rotavi r us diarrhoea in adults in ch i na 
Lancet ii:ll39- 1142 . 
Fang, T. Chao , Z. Chou, W. Ye, X 
1984 . Waterborne ou tbreak of 
caused by a novel rotavirus. 
Johnson, M. E., P. S. Paul , M. gorz i gl i a , and R. Rosenbusch. 1989. 
Development of Spec i fic nucle i c acid pr obes f or the differentiation of 
porcine rotavirus serotypes . Ve t. Mic r ob i ol . ( In Print) 
78 
Kalica, A. R., R. G. Wyatt, and A. Z. Kapikian. 1978a . Detection of 
differences among human and animal rotaviruses, using analysis of viral 
RNA. J. Am. Vet . Med. Assoc. 173:531-527. 
Kalica, A. R., M. N. Sereno, R. G. Wyatt, C. A. Mebus, R. M. Chanock , and 
A. Z. Kapikian. 1978b. Compar i son of human and rotavirus strains by 
gel electrophoresis of viral RNA. Virology 87:247-255. 
Kalica, A. R., H. B. Greenberg, R. G. Wyatt, M. M. Sereno, A. Z. Kapikian , 
and R. M. Chanock. 1981. Genes of human (strain Wa ) and bovine 
(strain UK) rotaviruses that code for neutralization and subgroup 
antigens. Virology 112:385-390. 
Kalica, A. R., J. Flores, and H. B. Greenberg. 1983. Identification of 
the rotaviral gene that codes for hemagglutination and protease-
enhanced plaque formation. Vi rology 125:194-205. 
Kaljot, K. T., R. D. Shaw, D. H. Rubin, and H. B. Greenberg. 1988 . 
Infectious rotavirus enters cells by direct cell membrane penetration , 
not by endocytosis. J. Virol. 62:1136-1144 . 
Kantharidis, M. L. Dyall-Smith, G. W. Tregear, and I. H. Holmes . 1988. 
Nucleotide sequence of UK bovine rotavirus segment 4: Possible host 
restriction of VP3 gene. Virology 166:308-315. 
Kapikian, A. Z., and R. M. Chanock. 1985. Rotaviruses, Pages 863-906 In 
B. N. Fields, D. N. Knipe, R. M. Chanock, J. L. Melnick, B. Roizman, 
and R. E. Shope (ed.), Virology. Raven Press, New York, NY. 
Kapikian, A. Z., W. L. Cline, H. G. Greenberg, R. G. Wyatt, A. R. Kalica , 
C. R. Bunks, H. D. James Jr., J. Flores, and R. M. Chanock. 1981. 
Antigenic characterization of human and animal rotaviruses by immune 
adherence hemagglutination assay (IAHA): Evidence for distinctness of 
!AHA and neutralization antigens. Infect. Immun. 33:415-425. 
Kapikian , A. Z., J. Flores, Y. Hoshino, R. I. Glass, K. Midthun, M. 
Gorz iglia, and R. M. Chanock. 1986. Rotaviruses: the major etiologic 
agent of severe infantile diarrhea may be controllable by a "Jennerian" 
approach to vaccination. J. Infect. Dis. 153:815-822. 
Kitaoka, S. H., H. Suzuki, Y. Numazaki, T. Sato, T. Konno, T. Ebina , N. 
Ishida, 0. Nakagomi, and T . Nakagomi. 1984. Hemagglutination by human 
rotavirus strains. J. Med. Virol. 13:215-222. 
Kitaoka, S. H., H. Suzuki, Y. Numazaki, T. Konno, and N. Ishida. 1986. 
The effect of trypsin on the growth and infectivity of human rotavirus . 
Tohoku J. Exp. Med. 149:437-447. 
79 
Laemmli , U. K., 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature (London) 227 : 680-685. 
Leece, J . G . . M. W. King, and R. Mock. 1976 . Reovirus-like agent 
associated with fatal diarrhea in neonatal pigs. Infect . Immun . 
14:816-825. 
Light, J. S., and H. L. Hodes. 1943. Studies in epidemic diarrhea of the 
newborn : Isolat ion of a filtrable agent causing diarrhea in calves. 
Arn. J . Pub . Health 33:1451-1454. 
Lin, M., M. Imai, N. Ikegami, A. R. Bellamy, D. Summers, D. L . Nuss, R. 
Deibel, and N. Furuichi. 1987. cDNA probes of individual genes of 
human rotavirus distinguish viral subgroups and serotypes. J . Virol . 
Methods 15:285 - 289. 
Liu, M. , P. A. Offit, and M. K. Estes. 1988 . Identification of the 
simian rotavi rus SAll genome segment 3 product . Virology 163 :26 -32. 
Lopez, S., C. F. Arias , J. R. Bell, J . H. Strauss, and R. T . Espej o . 
1985. Primary structure of the cleavage site associated with trypsin 
enhancement of rotavirus SA-11 infectivity. Virology 144:11-19. 
Lubeck, M. D., and W. Gerhard . 1981 . Topologic al mapping of antigenic 
sites on the influenza A/PR/8/34 virus hemagglutinin using monoclonal 
antibodies. Virology 113:64-72. 
Mackow, E. R., R. Shaw, S. M. Matsui , P. T . Vo, M. Dang, and H. B. 
Greenberg. 1988a . The rhesus rotavirus gene encoding protein VP3: 
Location of amino acids involved in homologous and heterologous 
rotavirus neutralization and identification of a putative fusion 
region. Proc. Natl. Acad. Sci. USA 85:645-649. 
Mackow, E. R., R. D. Shaw, S. M. Matsui, P. T. Vo, D. A. Benfield , and H. 
B. Greenberg. 1988b. Char acterization of homotypic and heterotypic 
VP7 neutralization sites of rhesus rotavirus. Virology 165:511-517. 
Mackow, E. R., J. W. Barnett, H. Chan , and H. B. Greenberg. 1989. The 
rhesus rotavirus outer capsid prote in VP4 functions as a hemagglutinin 
and is antigenically conserved when expressed by a baculovirus 
recombinant. J. Virol. 63:1661-1668 . 
Malherbe, H. H., and R. Harwin . 1963. The cytopath i c effects of vervet 
monkey viruses. S . Afr. Med. J. 37:407-411. 
Malherbe, H. H., and M. Strickland-Cholmley . 1968. Simian virus SAll and 
the related 0 agent. Archiv. Gesamte Virusforsch. 22:235-245. 
80 
Mason , B. B., D. Y. Graham, and M. K. Estes . 1980. In vitro 
transcription and translation of simian r otavir us SAll gene produc ts . 
J. Viro l . 33: 1111 -112 1 . 
Mathews , R. E. F. 1979. The class i ficat i on and nomenc la t ure of viruses . 
Summary of results of meetings of the Inte r nat i ona l Committee on 
Taxonomy of Vi r uses, The Hague, September, 1978 . Intervirology 11:133 -
135. 
Matsuno, S., and A. Mukoyama. 1979. Polypeptides of bovine ro t avirus . 
J. Gen. Virol . 43:309 - 316. 
Matsuno, S . , A. Hasegawa, A. Mukoyama, and S . I nouye. 1985. A candidate 
for a new serotype of human rotavirus. J. Vi ro l . 54:623-624. 
Mccr ae, M. A. 1985. Double - stranded RNA v iruses . Pages 151-168 i n B. W. 
Mahy, ed. Virology: A practical approach. I RL Press, Washington , D.C. 
McCrae, M. A., and J. G. McCorquodale. 1982. Molecula r biology of 
rotaviruses. II . I dent i f i cation of t he protein coding assignments of 
calf rotavirus genome RNA species . Vi ro logy 117:435-443 . 
McNulty, M. S., G. M. Allan, and J. B. Mcferran. 1976 . I s ol a t ion of a 
cytopathic calf rotavirus. Res. Vet. Sc i . 21 : 114 - 115 . 
McNulty, M. S. 1978. Rotaviruses. J. Gen . Viro l . 40 : 1 - 18 . 
McNulty, M. S., G. M. Allan , D. Todd, J. B. Mc f err an. 1981. I so l ation 
and cell culture propagation of r otaviruses f r om t urkeys and chickens. 
Arch . Virol . 61 : 13-21. 
McNulty, M. S., G. M. Allan, D. Todd, J. B. Mcferran, and R. M. McCra cken. 
198la. I solation from chickens of a rotavi rus l acki ng t he ro t av irus 
group antigen. J. Gen. Virol. 55:405-413 . 
Mebus, C. A., N. R. Underdahl, M. B. Rhodes, and M. J . Tweihaus . 1969. 
Calf diarrhea (scours): reproduced with a v i rus f r om a f ie l d ou t break . 
University of Nebraska, Lincoln, Res. Bull . 223. 
Mebus, C. A., E. L. Stair, N. R. Underdahl, M. J. Twi ehaus . 1971 . 
Pathology of neonatal calf diarrhea induced by a reo- l i ke virus. Vet . 
Pathol. 8:490-505. 
Mebus, C. A., R. G. White, E. L. Stair, M. B. Rhodes , and M. J . Twiehaus. 
1972. Neonata l calf diarrhea: results of a fie l d trial us ing a r eo-
like virus vacc i ne. VMSAC 67:173-174. 
Mebus, C. A. 1980. Reovirus and coronavirus infecti ons. Pages 127-136 
in H. E. Amstutz, ed . Bovine Medicine and Sur gery . Vo l . I . American 
Veterinary Publications, Santa Barbara , CA. 
81 
Middleton, P. J. 1978. Pathogenesis of rotaviral infec tion . J . Am . Vet . 
Med. Assoc. 173:544:545. 
Minor, P. D., G. C. Shild, J. Boatman, D. M. A. Evans, M. Ferguson , P. 
Reeve, M. Spitz, G. Stunway, A. J. Cann, R. Hauptmann , L . D. Clarke, R. 
C. Mountford, and J. W. Almond. 1983 . Location and primary structure 
of a major an tigenic site for poliovirus neutralization. Nature, 
London 301:674-679. 
Moon, H. W., A. W. McClurkin, R. E. Isaacson, J. Pohlenz, S. M. Skartredt, 
K. G. Gillette, and A. L. Baetz. 1978. Pathogenic relationships of 
rotavirus, Escherichia coli and other agents in mixed infections in 
calves. J. Am. Vet. Med. Assoc . 173 :577 -583. 
Morin, M., S. Lariviere, and R. Lallier . 1976. Pathological and 
microbiological observations made on spontaneous cases of acute 
neonatal calf diarrhea. Can. J. Comp. Med. 40:228 - 240. 
Mur akami,Y., N. Nishioka, Y. Hashiguchi , and C. Kuniyasa. 1983 . 
Serotypes of bovine rotaviruses distinguished by serum neutralization. 
Infect. Immun. 40:851-855. 
Myers, L. L., and D. R. Snodgrass. 1982. Colostral milk antibody titers 
in cows vaccinated with a modified live rotav irus-coronavirus vaccine. 
J. Am. Vet. Med. Assoc. 181 :486-488 . 
Novo, E., and J. Esparza. 1981. Composition and typography of structural 
polypeptides of bovine rotavirus. J. Gen. Vi rol . 56:325 -335 . 
Offit, P. A., and G. Blavat. 1986. Identification of the two rotavirus 
genes determining neutralization specificities. J. Virol. 57 :376-378. 
Offit, P. A., F. H. Clark, W. G. Stroop, M. E. Twist , and A. S. Plotkin. 
1983. The cultivation of human r otavirus strain "Wa" to high titer in 
cell culture and characterization of the viral structural polypeptides. 
J. Virol. Methods 7:29-40. 
Offit, P. A., H. F. Clark, G. Blavat, and H. B. Greenberg. 1986a. 
Reassortant rotaviruses containing structural proteins VP3 and VP7 
from different parents induce antibodies protective against each 
parental serotype. J. Virol . 60:491-496 . 
Offit, P. A., R. D. Shaw, and H. B. Greenberg. 1986b. Passive protection 
against rotavirus - induced diarrhea by monoclonal antibodies to VP3 and 
VP7. J. Virol. 58:700- 703. 
Offit, P. A., G. Blavat, H. B. Greenberg, and F. H. Clark. 1986c . 
Molecular basis of rotavirus virulence: role of gene segment 4. J. 
Virol. 57:46-49 . 
82 
Ojeh, C. K., D. R. Snodgrass, and A. J . Herring. 
serotypic variation among bovine rotaviruses . 
1984. Evidence for 
Arch. Virol . 79:161-171. 
Paul, P. S., Y. S. Lyoo, G. N. Woode, S. Zheng, H. B. Greenberg, S. 
Matsui, K. J. Swartz , and H. T. Hill . 1988. Isolation of a bovine 
rotavirus with a "super-short" RNA electrophoretic pattern from a calf 
with diarrhea . J. Clin. Microbiol . 26:2139-2143. 
Pearson, G. R. , M. S. McNulty, and E. F. Logan. 1978 . Pathological 
changes in the small intestine of neonatal cal ves nautral l y infected 
with reo-like virus (rotavirus). Vet. Rec. 102 : 454-458. 
Pedley, S., and M. A. Mccrae. 1984. A rapid screening assay for 
detecting individual RNA species in field isolates of rotaviruses. 
Virol . Methods 9 :173-181. 
Pedley, S., J . C. Bridger, J. F . Brown, and M. A. Mccrae. 1983. 
Molecular characterization of rotaviruses with distinct group antigens. 
J. Gen. Virol. 64 : 2093-2101. 
Pedley, S., J . C. Bridger, D. Chasey, and M. A. Mccrae . 1986 . Definition 
of two new groups of atypical rotaviruses. J. Gen. Virol. 67:131-137. 
Potter, A. A., g. Cox, M. Parker, and L. A. Babiuk. 1987. The complete 
nucleotide sequence of bovine rotavirus C486 gene 4 cDNA. Nucleic Acid 
Res. 15:4361. 
Prasad, B. V. V. , G. J . Wang, J. P. M. Clerx, and W. Chiu. 1988 . Three-
dimensional structure of rotavirus. J. Mol . Biol. 199 : 269-275. 
Radostits, 0 . M., and S. D. Acres. 1980. Disease prevention in calves . 
Pages 21-61 in H. E. Amstutz, ed. Bovine Medicine and Surgery . Vol. 
I . American Veterinary Publication, Santa Barbara, CA . 
Rhodes, M. B. , E. L. Stair, and R. A. McCullough. 1979. Comparison of 
resul t s using electron microscopy , immunodiffusion and fluorescent 
antibody analyses to detect rotavirus in diarrheic fecal samples in 
calves. Can. J. Comp. Med. 43:84-89. 
Rodger, S. M., and E. M. Holmes. 1979. Comparison of the genomes of 
s imian, bovine, and human rotaviruses by gel electrophoresis and 
detection of genomic variation among bovine isolates. J. Virol. 
30:839-846. 
Rodge r , S. M. R. G. Schnagl, and I. H. Holmes. 1975. Biochemical and 
biophysical characteristics of diarrhea viruses of human and calf 
or i gin. J. Virol . 16:1229 -1235. 
83 
Rodger, S . M., R. F . Bishop, and I. H. Holmes . 1982 . Detection of a 
rotavirus-like agent associated with diarrhoea in an infant. J. Clin . 
Microbiol. 16: 724-726. 
Sabara , M., D. Deregt, L . A. Babiuk, and V. Misra. 1982. Genetic 
heterogeneity within individual bovine rotavirus isolates . J . Virol . 
44:813 -822. 
Sabara, M., J. Gilchrist, G. R. Hudson, and L.A. Babiuk. 1985 . 
Preliminary characterization of an epitope involved in neutralization 
and cell attachment that is l ocated on the major bovine rotavirus 
glycoprotein. J. Virol . 53:58-66. 
Saif, L. J . , E. H. Bohl, K. W. Theil, R. F. Cross, and J. A. House. 1980 . 
Rotavirus - like, calicivirus-like, and 23nm virus-like particles 
associated with diarrhea in young pigs . J . Clin. Microbiol . 12 : 105-
111. 
Saif, L. J . , L . Smith, B. J. Landmeier, E. H. Bohl , K. W. Theil , D. A. 
Todhunter. 1984. Immune response of pregnant cows to bov ine rotavirus 
immunization. Am. J. Vet. Res. 45:49-58. 
Sato , K. , Y. Inaba, T. Shinozaki, R. Fuji, M. Matumoto. 1981 . Isolation 
of human rotavirus in cell cultures. Arch. Virol. 69:155-160 . 
Sato, K., H. Suzuki, S. Kitaoka, T. Konno , and N. Ishida . 1986 . 
of polypeptide synthesis in human r otavirus infected cells . 
Virol. 90:29 - 40. 
Patterns 
Arch. 
Shaw, R. D., D. L. Stoner-Ma, M. K. Estes , and H. B. Greenberg. 1985. 
Specific enzyme -l inked immunoassay for rotavirus serotypes 1 and 3. J . 
Clin. Microbiol . 22:291-296. 
Shaw , R. D. , P. T . Vo, P. A. Offit, B. S. Coulson, and H. B. Greenberg . 
1986 . Antigenic mapping of the surface proteins of rhesus rotavirus . 
Virology 155:434 -451 . 
Snodgrass, D. R. , and P. W. Wells. 
rotavirus infections in l ambs. 
1978. The immunoprophylaxis of 
Vet. Rec. 102:146 -148. 
Snodgrass, D. R., K. J. Fahey, P . W. Wells, I . Campbell, and A. Whilelaw . 
1980 . Passive immunity in calf rotavirus infections: Maternal 
vaccination increases and prolongs immunogl obulin G 1 antibody 
secretion in milk. Infect. Immun . 28:344-349 . 
Snodgrass, D. R., M. L. Smith, and F . L. Krauhl . 1982. Interaction of 
rotavirus and enterotoxigenic Eschericha coli in conventionally raised 
dairy calves. Vet. Microbiol. 7:51 -60. 
84 
Snodgrass, D. R., A. J. Herring, I. Campbell, J. M. Inglis , and F. D. 
Hargreaves . 1984a . Comparison of a t ypical rotavirus from calves , 
pigle ts, l ambs and man. J. Gen. Viro l . 65:909-914. 
Snodgrass, D. R., D. K. Ojeh, I. Campbell , and A. J. Herring. 1984b. 
Bovine rotavirus serotypes and their significance for immunization. J . 
Clin. Microbiol . 20:342-346 . 
Sonza , S., A. M. Breschkin , and I. H. Holmes . 1984. The major surface 
glycoprotein of simian rotavirus (SAll) contains dist i nct epitopes . 
Virology 134:318-327. 
Spence, L. , M. Fauvel , R. Petro, and L. A. Babiuk. 1978. Comparison of 
rotavirus strains by hemagglutination inhibition. Can. J. Microbiol . 
24:353-356. 
Streckert , H., H. Brussow, and H. Werchau. 1988. A synthetic peptide 
corresponding to the cleavage region of VP3 from rotav irus SAll induces 
neutralizing antibodies. J. Viro l . 62:4265-4269. 
Suzuki, H. , T. Sato, T. Konno, S. Kitaoka, T . Ebina , and N. Ishida. 1984 
Effect of tunicamycin on human rotavirus morphogenesis and infectivity . 
Arch. Vi r ol. 81:363-369. 
Svatos, G. 1989. New inactivated vaccine provides comprehensive 
protection against enonatal calf scours. Norden News, Lincoln, Nebr. 
Taniguchi, K., S. Urasawa, and T. Urasawa. 1985. Preparation and 
characterization of neutral i zing monoclonal antibodies with different 
reactivi ty patterns t o human rotaviruses. J. Gen. Virol. 66:1045-1053. 
Taniguchi, K., Y. Morita, T . Urasawa, and S. Uras awa. 1987. Cross -
reactive neutralization epitopes on VP3 of human rotav irus: analysis 
with monoclonal antibodies and antigenic variants. J . Virol. 61:1726-
1730. 
Taniguchi, K., W. L . Maloy, K. Nishikawa, K. Y. Green, Y. Hoshino, S . 
Urasawa, A. Z. Kapikian, R. M. Chanock, and M. Gorz iglia . 1988 . 
Identification of cross-reactive and serotype 2-specific neutralization 
epitopes on VP3 of human rotavirus. J. Virol. 62:2421-2426. 
Theil , K. W., and E. H. Bohl . 1980 . Porcine rotaviral infection of cell 
culture: effects of certain enzymes. Am. J. Vet. Res. 41:140-143. 
Theil, K. W. and C. M. McCloskey. 1988. Partial characterization of a 
bovine group A rotavirus with a short genome electropherotype . J . 
Clin. Microbiol. 26:1094-1099 . 
85 
Theil, K. W., and C. M. McCloskey. 1989. Molecular epidemiology and 
subgroup determination of bovine group A rotaviruses associated with 
diarrhea in dairy and beef calves. J. Clin. Microbial. 27:126-131. 
Theil, K. W., E. H. Bohl, A. G. Agnes. 1977. Cell culture propagation of 
porcine rotavirus (reovirus-like agent). Am. J. Vet. Res. 38:1765-
1768. 
Theil, K. W., E. H. Bohl , and L. J. Saif. 1978. Techniques for rotaviral 
propagation. J. Am. Vet. Med. Assoc. 173:548-551. 
Theil, K. W., L. J. Saif , P. D. Moorhead, and R. E. Whitmoyer. 1985 . . 
Porcine rotavirus-like virus (Group B rotavirus): characterization and 
pathogenicity for gnotobiotic pigs. J . Clin. Microbiol. 21:340-345. 
Thouless M. E., A. S . Bryden, T. H. Flewett, G. W. Woode, J. C. Bridger , 
D. R. Snodgrass, and J. A. Herring. 1977. Serological relationships 
between rotaviruses from different species as studied by complement 
fixation and neutralization. Arch. Virol. 53:287-289. 
Thurber, E. T ., E. P. Bass, and W. H. Beckenhauer. 1977. Field trial 
evaluation of a reo-coronavirus calf diarrhea vaccine. Can. J. Comp. 
Med. 41:131 -136. 
Todd , D., and M. S. McNulty. 1976. Characterization of pig rotavirus RNA 
J. Gen. Virol. 33:147-150. 
Torres-Medina, A. 1984. Effect of combined rotavirus and Escherichia 
coli in neonatal gnotobiotic calves. Am. J. Vet. Res. 45:643-651 . 
Turner, A. J., I. W. Caple, J. A. Craven, and C. Reinganum. 1973. 
Demonstration of virus particles in intestinal contents of calves with 
diarrhoea. Aust. Vet. J. 49:544. 
Tzipori, S. R. 1981. The aetiology and diagnosis of calf diarrhoea. 
Vet. Rec. 108:510-514. 
Tzipori, S. R., T . J. Makin, M. L. Smith, and F . L. Knautil. 1981. 
Clinical manifestations of diarrhea in calves infected with rotavirus 
and enterotoxigenic Escherichia coli . J . Clin. Microbiol. 13:1011-
1016. 
Urasawa, T., S. Urasawa, and K. Taniguchi. 1981. Sequential passages of 
human rotavirus in MA-104 cells. Microbiol . I mmuno l . 25:1025-1035. 
Vesikari, T., E. Isolauri, E. D'Hondt, A. Delem, F . e. Andre , and G. 
Zissis. 1984. Protection of infants against rotavirus diarrhoea by 
RIT 4237 attenuated bovine rotavirus strain vaccine. Lancet i:977-
981. 
86 
Vonderfecht, S. L., J. J. Eiden, A. Torres, R. L . Miskuff, C. A. Mebus, 
and R. H. Yolken. 1986 . Identification of a bovine enteric syncytial 
virus as a nongroup A rotavirus. Am. J. Vet. Res . 47:1913-1918. 
Waltner-Toews, D., S. W. Martin, A. H. Meek, I. McMillan, and C. F . 
Crouch. 1985. A field trial to evaluate the efficacy of a combined 
rotavirus-coronavirus /Escherichia coli vaccine in dairy cattle. Can. 
J. Comp. Med. 49:1-9. 
Ward, R. L., D. R. Knowlton, G. M. Schiff, Y. Hoshino, and H. B. 
Greenberg . 1988. Relative concentrations of serum neutralizing 
antibody to VP3 and VP7 proteins in adults infected with a human 
rotavirus. J . Virol. 62:1543-1549. 
Welch, A. B. 1971 . Purification, morphology and partial characterization 
of a reovirus-like agent associated with neonatal calf diarrhea . Can . 
J. Comp. Med. 35:195-202. 
Wiktor, T . J., and H. Koprowski. 1980. Antigenic variants of rabies 
virus. J. Exp. Med. 152:99-112. 
Woode, G. N. 1978. Epizootiology of bovine rotavirus of infection. Vet. 
Rec. 103:44-46. 
Woode, G. N., and J. c. · Bridger. 1975. Viral enteritis of calves. Vet. 
Record 96:85-88. 
Woode, G. N., and C. F. Crouch . 1978. Naturally occurring and 
experimentally induced rotaviral infections of domestic and laboratory 
animals . J. Am. Vet. Med. Assoc. 173:522 -526. 
Woode, G. N., J. G. Bridger, G. Hall, and M. J. Dennis. 1974. the 
isolation of reovirus-like agent associated with diarrhea in colostrum-
deprived calves in Great Britain. Res. Vet. Sci. 16:102-105 . 
Woode, G. N. , J. Jones, and J. Bridger. 1975. Levels of colostral 
antibodies against neonatal calf diarrhoea virus . Vet. Rec . 97:148-
149. 
Woode, G. N., J. C. Bridger, J. M. Jones, T. H. Flewett, A. S. Bryden, H. 
A. Davies, and G. B. B. White. 1976. Morphological and antigenic 
relationships between viruses (rotaviruses) from acute gastroenteritis 
of children, calves, piglets, mice and foals. Infect . and Imrnun. 
14:804-810. 
Woode, G. N. , M. E. Bew, and M. J. Dennis. 1978. Studies on cross 
protection induced in calves by rotaviruses of calves, children and 
foals . Vet. Rec. 103:32-34. 
87 
Woode, G. N., N. E. Kelso, T. F. Simpson, S. K. Gaul, L. E. Evans, and L. 
Babiuk . 1983. Antigenic relationships among some bovine rotaviruses 
serum neutralization and cross-protection in gnotobiotic calves. J. 
Clin. Microbiol. 18:358-364. 
Woode, G. N., S . Zheng, B. I. Rosen, N. Knight, N. E. Kelso Gourley, and 
R. F. Ramig. 1987. Protection between different serotypes of bovine 
rotavirus in gnotobiotic calves: specificity of serum antibody and 
coproantibody responses. J. Clin Microbiol. 25:1052-1058. 
Wyatt, R. G., W. D. James , E. H. Bohl, K. W. Theil, L. J. Saif, A. R. 
Kalica, H. B. Greenberg, A. Z. Kapikian, and R. M. Chanock. 1980. 
Human rotavirus type 2: cultivation in vitro. Science 207:189-191 . 
Wyatt, R. G., A. Z. Kapikian, and C. A. Mebus. 
reactive serum neutralizing antibody to human 
in utero administration of bovine rotavirus. 
18:505-508. 
1983. Induction of cross-
rotavirus in calves after 
J. Clin. Microbiol . 
Yewdell, J. W., and W. Gerhard. 1981 . Antigenic characterization of 
viruses by monoclonal antibodies. Ann. Rev. Microbiol . 35:185 - 206. 
Yolken, R. H., B. Barbour, R. G. Wyatt, A. R. Kalica, A. Z. Kapikian, and 
R. M. Chanock. 1978a. Enzyme-linked immunosorbent assay for 
identification of rotaviruses from different animal species. Science 
201:259-262. 
Yolken, R. H., R. G. Wyatt, G. Zissis, C. D. Brandt, W. J. Rodriguez, H. 
W. Kim. R. H. Parrott, J. J. Urrutia, L. Mata, H. B. Greenberg, A. Z. 
Kapikian, and R. M. Chanock. 1978b. Epidemiology of human rotavirus 
types 1 and 2 as studied by enzyme-linked immunosorbent assay. New 
Engl. J. Med. 299:1156-1161. 
Zissis, G. , J. P. Lambert, P. Marbehant, D. Marrissens, M. Lohmann, P. 
Charlier, A. Delem, and N. Zygraich. 1983. Protection studies in 
colostrum-deprived piglets of a bovine rotavirus vaccine candidate 
using human rotavirus strains for challenge . J. Infect. Dis. 
148:1061-1068 . 
88 
ACKNOWLEDGEMENTS 
The completion of experiments and writing of this thesis would not have 
been possible wi thout the help and support of many other people . Sincere 
thanks go to my major professor , Dr. Prem S . Paul, for his guidance and 
accessibility throughout the course of these studies . The expert 
technical assistance , understanding and friendship of Xiaoling Zhu, Denise 
Warr iner and Dr. Michael Johnson was greatly appreciated. 
